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RESULTS OF NEPTUNIUM DISPOSAL TESTING
By D. D. Walker, M. R. Poirier, T. L. Fellinger, and E. K. Hansen
ABSTRACT

Researchers investigated the neutralization of neptunium solution from H-Canyon Tank
16.4 and the properties of the resulting slurry. None of the results preclude the transfer of
the neutralized solution to the tank farm. The following summarize the major test results
of this study.

e The composition of the Tank 16.4 neptunium solution differs significantly from
preliminary estimates from H Canyon.

- The iron concentration equals 250% of the preliminary estimate.

- The sodium concentration equals 220% of the preliminary estimate.

- The sulfate ion concentration, not reported in the preliminary analysis,

equals 1.29 molar.

- Previous evaluations of the transfer feasibility or DWPF impacts based
on the H-Canyon preliminary data should be reviewed in light of the
composition provided in this report.

¢ Neutralization of the acid neptunium solution proceeds smoothly without
complications.

- Metal hydroxide solids precipitate, producing a slurry containing 4 wt %
insoluble solids. The insoluble solids are largely iron hydroxide (92%).
Neptunium hydroxides or oxides comprise about 2% of the insoluble
solids.

- Acid neutralization produces heat, but boiling will not occur if the slurry
remains well mixed during sodium hydroxide addition.

e The rheological properties of the neptunium slurry, as precipitated at 4 wt %
insoluble solids, will allow transfer through the tank farm. However,
concentration of the insoluble solids above 4 wt % may cause significant
problems due to increases in yield stress and consistency.

- The solids settle slowly and re-suspend easily in the 4 wt% slurry.

- The consistency of the 4 wt % slurry is 7.65 centipoise (cP) with a yield
stress less than 1 Pascal (Pa).

- Concentration to 6.7 wt % insoluble solids increases the yield stress and
consistency, producing a slurry that does not flow through the racetrack
apparatus, and suggesting potential problems during tank farm transfer.

¢ The neptunium slurry, when combined with actual SB2 washed radioactive
sludge, yields a combined slurry with acceptable rheological properties for

DWPF processing.

- Addition of the neptunium slurry to a sample of SB2 washed sludge
slightly reduced the yield stress and consistency of the sludge.

e Transfer modeling indicates a minimum fluid velocity of ~4 ft/sec will prevent
the precipitated solids from settling in horizontal, 3-inch diameter piping.
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e Mixing calculations using various models differed in their evaluation of the
adequacy of mixing in the H Canyon Tank 16.4 (proposed neutralization tank).
- Bingham plastic modeling and slow-settling solids models indicate
adequate mixing in Tank 16.4.
- Fast-settling solids models suggest inadequate mixing.
- Since testing showed the settled solids are Bingham plastic and the
sheared slurry is a slow-settling Newtonian slurry, we conclude
Tank 16.4 has adequate mixing.
e Combining the neptunium slurry with washed sludge will increase radiolytic
hydrogen generation rates slightly (<9%).

Evaluations of the feasibility of the transfer or the impacts on the Defense Waste
Processing Facility (DWPF) vitrification process based on the preliminary estimates
should be reviewed in light of the composition provided in this report. The presence of
sulfate ion, which has a low solubility in glass, was not previously reported. The
neutralized slurry will contain more solids and be more difficult to mix and transfer than
one would predict from the preliminary estimates. Nevertheless, rheological data based
on the actual, higher concentrations, supports the feasibility of the transfer. The higher
than expected sodium concentration in the acidic neptunium solution amounts to only 5%
more total mass of sodium transferred to the washed sludge batch. The majority of the
sodium comes from the NaOH required for neutralization. This increase may slightly
change potential impacts to the DWPF processes identified from the preliminary
estimates.

This work investigated slurry properties from a single neutralization protocol (i.e., NaOH
concentration, addition rate, and temperature profile) and limited storage times. The
summary includes suggestions for additional work exploring the impact of variations in
the neutralization and storage conditions on the properties of the slurry.
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INTRODUCTION

The Department of Energy decided to close H Canyon, including removing all process
materials. During closure operations, processing of irradiated uranium fuel yields small
quantities of neptunium that are being stored in Tank 16.4. The small quantity (52 kg) and
low purity of this neptunium makes it unattractive for recovery for production of Pu-238.
Thus, the Closure Business Unit is considering disposal of these impure neptunium solutions
to the tank farm. A project is in place to process through HB Line a larger amount of high
purity neptunium recovered and purified in the 1980s. The recovered neptunium would
likely be transferred to Oak Ridge National Laboratory for future production of Pu-238.

A preliminary engineering assessment of neptunium disposition in the SRS tank farms
identified several options.' The preferred option transfers the neptunium to a washed sludge
tank. This option localizes the neptunium in a tank from which the primary outlet is
vitrification in the Defense Waste Processing Facility. Transfer of neptunium to any other
part of the tank farm results in an increase in the soluble neptunium in feed to the Saltstone
Facility. The higher neptunium concentrations would likely exceed Saltstone waste
acceptance criteria for neptunium.

However, addition of the neptunium solutions to a washed sludge tank poses several
technical uncertainties. These can be divided into three categories: uncertainties in
transferring a neutralized slurry from H Canyon to the washed sludge tank, changes in
composition and rheological properties of the washed sludge, and changes in glass
composition and processing. This task focused on preliminary answers to questions in the
first two categories and included the following.

Characterize the Tank 16.4 neptunium solution

Neutralize portions of the solution and characterize the solids and liquid phase
Measure the rheological properties of the neutralized slurry

Model the slurry transport properties and estimate the flow requirements to
suspend the particles during transfer.

Calculate the impact of the neptunium slurry on hydrogen generation in the
washed sludge tank.

This document reports the test results related to these items.

This work fulfills the following technical task request from High Level Waste Process
Development and Integration: E. T. Ketusky, "Np Disposition Support," HLE-TTR-
2003-095, February 26, 2003. The work complies with the following plan: D. D. Walker,
“Technical Task and Quality Assurance Plan for Neptunium Disposal Testing,” WSRC-
RP-2003-00229, Rev.0, February 27, 2003.
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RESULTS AND DISCUSSION
Characterization of Neptunium Solution

H Canyon personnel sent thirty 10-mL peanut vials of the neptunium solution from Tank
16.4 to the Savannah River Technology Center (SRTC). Waste Processing Technology
Section (WPTS) personnel combined the contents of the peanut vials in one bottle to
form a composite sample. The dark, composite solution appeared to contain no solids
(Figure 1). Analytical Development Section (ADS) personnel analyzed portions of the
composite solution. Table I lists the results of the analyses and the composition as
provided by H Canyon personnel.”

The concentrations of several components in the composite sample agree closely with the
H Canyon results. For example, the neptunium, plutonium, and Cs-137 concentrations
agreed within experimental uncertainties. The calculated total acid from the H Canyon
results (Total Acid = Free Acid + 3[Fe]+4[Al]) equals 8.0 M compared to the SRTC
measured free acid of 8.25 M (3% error). However, discrepancies occurred in
components important to disposal in the tank farm. The iron and sodium concentrations
greatly exceed the H Canyon. Iron produces the majority of the insoluble solids in the
slurry that must be transferred through the tank farm. The higher iron concentration
makes the transfer more difficult and produces more impact on the contents of the
washed sludge tank than one would expect from the preliminary H Canyon results. The
higher than expected sodium concentration in the acid Np solution affects only slightly
the total sodium transferred to the washed sludge tank. The majority of the sodium in the
neutralized slurry derives from the sodium hydroxide used for neutralization. The
additional sodium in the acidic Np solution contributes only 5% to total mass of sodium
in the solution transferred to the washed sludge tank. This amount is likely insignificant.
Other metals (Cr, Mn, and Ni) also occur at higher concentrations than anticipated, but at
concentration so low that they likely will not significantly affect the total solids in the

FIGURE 1. Peanut Vial Sample of Neptunium Solution
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TABLE I. Composition of Tank 16.4 Neptunium Solution

Component Concentration (M)
Expected* Found*¥*

Total Acid - 8.25

Free acid 6.4 4.9

Nitrate -- 6.6

Sulfate - 1.29

Na 0.26 0.58

Fe 0.28 0.70

Al 0.18 0.23
Concentration (mg/L)

Cr 40 1530

Ni 380 855

Mn 20 218

Ca 80 112

/n 50 54

Zr 1 28

Hg 80 111

Np-237 13200 12800

Pu-238 1.15 1.07

Total U 18 44
Concentration (d/m/mL)

Pu-239+240 4.1x10° 3.8x10°

Cs-137 2.02x10° 2.11x10°

Density - 1.364 g/mL

* Reference 2.

** Error limits on these results are nominally +10%, except the density (£0.003 mg/L).

transfer. The uranium concentration equaled 44 mg/L. compared to the expected 18
mg/L and the enrichment exceeded the expected value (see discussion below). However,
due to the low concentration and its insignificant effect on rheology, verification of the

value was not pursued.

Neutralization of Neptunium Solution

Researchers neutralized several 30-mL aliquots of neptunium solution using
approximately 16 mL of 50 wt % (i.e., approximately 19 M) sodium hydroxide solution.
The duration of the NaOH addition was adjusted to 2.5 hours to approximate the
expected addition rate in the canyon. The reaction proceeded as expected. Heat was
generated, solids precipitated, and the solution color changed. Researchers observed no

gas evolution or foaming.

The amount of NaOH required was calculated from the total acid results (8.25 M,
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Table 1) and included enough excess to reach 1.1 M NaOH in the final neutralized
solution. Subsequent titration of the 50 wt % NaOH solution showed it contained 18+1
molar OH". Thus, the final excess NaOH concentration following neutralization averaged
only 0.6 £0.1 M. This closely approximates the expected value of 0.7 M based on 18 M
NaOH.

During the early stages of NaOH addition, the temperature increased approximately

15 °C. Figure 2 shows the temperature profiles during two neutralizations. Based on the
heat of neutralization of free acid and assuming no heat losses and a heat capacity of

1 cal/g/°C, the temperature increase could be as high as 60 °C. The small temperature
increase observed likely results from heat losses to the atmosphere from the small
reaction flask during the 2.5 hour addition. A larger volume reaction, such as in the
canyon tanks, will likely experience a larger temperature increase.

Solids precipitation occurred locally during the initial addition of NaOH, but the solids
dissolved as the solution mixed. Precipitated solids became persistent after
approximately 100 minutes from the start. This corresponds to addition of enough NaOH
to neutralize the free acid. At this point, the pH will begin to increase rapidly, resulting
in precipitation of iron and neptunium. Immediately prior to observation of persistent
solids, the color of the solution changed from dark green to reddish orange. Solids
precipitation caused a noticeable increase in the slurry viscosity as evidenced by a
decrease in the rotational rate of the stir bar used to mix the slurry. This peaked at
approximately 135 minutes and then the mixing rate increased slightly during the final 15
minutes. The improved mixing at the end possibly results due to dilution of the slurry
following complete precipitation of solids or due to passing the isoelectric point
(typically pH 6 to 8) where slurries exhibit their most viscous properties. Figure 3 shows
the reddish solids in a neutralized slurry after settling for several days.

FIGURE 2. Temperature Profile during Neutralization
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FIGURE 3. Neutralized Neptunium Slurry
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The neutralized slurry contained particles between 1 and 88 microns in diameter. Figures
4 and 5 show the size distribution. The mean diameter of the volume distribution equaled
11 microns. All of the particles are less than 88 microns. 95% of the particles are less
than 31 microns, and 80% of the particles are less than 18 microns. The particle size data
was used to determine the requirements for suspending the solid particles if the slurry is a
fast-settling slurry and for determining the requirements for transporting the slurry from
the Separations Canyon to the Tank Farm.

Following neutralization, the solids were separated from the aqueous phase by filtration,
washed slightly with 0.1 M NaOH, and partially dried at ambient temperature (2343 °C).
Table II lists results of analyses performed on the filtrate and damp solids. The ~13 wt %
yield of damp solids exceeded the expected value of ~4 wt % (see below) and indicated
significant amounts of water remained. Further drying at 115 °C reduced the solids yield
to ~6 wt %. The presence of 14 wt % sodium in the dried solids and NaNOs in the damp
solids suggests incomplete washing occurred and soluble salts remained in the damp
solids.

X ray diffraction analysis revealed the solids are largely amorphous, although a small
fraction appeared as magnetite and sodium nitrate. Chemical analysis showed iron as the
major constituent, with lesser amounts of aluminum, chromium, neptunium, nickel, and
manganese. Sodium and sulfur were also present, probably due to incomplete washing to
remove the aqueous phase (i.e, sodium salts of nitrate and sulfate). Some or all of the
aluminum may have been present for the same reason. The composition of the solids is
consistent with the expected precipitation of the metals under alkaline conditions.
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TABLE II. Composition of Neutralized Neptunium Slurry

Solids Composition
After drying at 23 °C:
Yield of damp solids:
Phases identified
by X-ray diffraction:

13 (£1) wt %
magnetite, sodium nitrate

After drying to constant weight at 115 °C (approx. 4 hours):

Weight loss on drying at 115°C 5443 %

Component Concentration Component Concentration
(wt %) (wt %)

Al 1.6+0.1 Na 14.2+0.7

Cr 1.240.1 Ni 0.624+0.05

Fe 29.0+2.4 S 2.440.2

Mn 0.16+0.01 Np-237 1.03+0.07

Solution Composition

Component Concentration

Component Concentration

M) (mg/L)
OH" 0.60+0.11 Cr 10.4+0.6
Nitrate 4.48+0.22 Ni <0.2
Sulfate 0.84+0.04 Mn <0.1
Na 6.6+0.2 Ca 0.53+0.10
Al 0.109+0.008 Zn 0.4610.16
Zr <0.3
Np-237 1.8+0.6
Total U 9+2
U-234 0.7(x0.2)
U-235 4.0(£1.0)
U-236 1.2(20.3)
U-238 3.3(20.7)
Component Concentration
(d/m/mL)
Cs-137 1.38(0.04)x10°
Cs-134 8.0(+0.4)x10°
Other
Density 1.322 g/mL

*[ isted uncertainties are the standard deviation of measurements from two neutralization
experiments. Analytical uncertainties are nominally £10%.



WSRC-TR-2003-00144, Rev. 0
Page 14 of 40

The aqueous phase analyses showed the expected loss of metals found in the solids. Iron,
chromium, neptunium, nickel, and manganese precipitate as expected. In addition, the
analyses showed approximately 70% of the uranium precipitated. The U-235 enrichment
measured 43(+10) % compared to the H-Canyon preliminary results of 25% (before
neutralization). The final concentration of neptunium in the filtrate equaled 1.8 mg/L,
much lower than the expected solubility of ~100 mg/L.> The low concentration likely
reflects a non-equilibrium condition due to the rapid precipitation in the presence of a
large amount of iron hydroxide. The high sulfate and nitrate concentrations in the
neutralized aqueous phase require addition of 1.1 molar excess NaOH to meet corrosion
inhibitor requirements for the tank farm. The sulfate may also impact DWPF processes.

Based on complete precipitation of iron (as Fe(OH)s3), neptunium (as Np,Os), chromium
(as Cr(OH),), nickel (as Ni(OH),), and manganese (as MnQO,) in the original neptunium
solution, the theoretical insoluble solids concentration in the final neutralized solution
equals 4.0 wt %. The solids (by weight) are approximately 92% iron hydroxide, 4%
chromium hydroxide, 2% nickel hydroxide, and 2% neptunium oxide. Magnesium also
precipitates but comprises less than 0.5% of the solids weight.

Rheological Testing of Neutralized Solution

Rheological testing included mixing tests on settled slurry, racetrack tests at different
wt % insoluble solids, and viscometer measurements on Np slurry and on Np slurry
mixed with washed radioactive sludge.

Mixing and Settling Tests

Mixing tests demonstrated that the solids formed during neutralization can be re-
suspended after settling for up to 7 days. The experiments used a reaction vessel and stir
bar sized to approximate the geometry in H-canyon Tank 16.4, and a mixing energy input
less than the capability in Tank 16.4. Re-suspension occurred for slurries that settled for
3 and 7 days. In both cases, initial movement of the stir bar produced little agitation.
However, within one hour, the slurry appeared well mixed with the solids fully
suspended and with liquid movement throughout the sample. Since the solids settle
slowly, periods longer than 7 days without agitation may result in more difficulty in re-
suspending the solids.

A settling test conducted in a graduated cylinder(Figure 6) produced the settling curve
shown Figure 7. Solids settled rapidly during the initial 8 hours, but slowed considerably
thereafter. The initial settling rate of 0.017 mm/sec estimates the velocity of the slowest
settling solids. Due to the opacity of the slurry, accumulation of solids at the bottom was
not observable so no information on fast-settling solids was obtained. Two interfaces
were observed during the first day. Interface 1 occurred between clear solution and
slightly cloudy solution. Interface 2, located lower than Interface 1, occurred between
the cloudy solution and the opaque slurry. After the first day, no cloudy layer was
observed (Interface 1 and 2 merged).
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FIGURE 6. Neptunium Slurry Settling Test

FIGURE 7. Results of Settling Test
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Racetrack Test

A "racetrack" apparatus (Figure 8) was constructed to demonstrate the relative flow
characteristics of slurries at different solids loadings. The design of the racetrack was
similar to previous testing.* In this case, the coiled tubing was smaller in diameter and
shorter in length, with a stopcock between the coil and sample holder. The time required
to empty the cup was measured for various solutions. The results are a measure of the
viscosity and yield stress of the slurry. The inside diameter of the glass tubing (3 mm)
exceeds the particle diameter of the insoluble solids, thus allowing use with slurries
containing particles that would plug the small diameter tubes in Ostwald or Canon-
Fenske viscometers. Calibration of the apparatus with standards of known viscosity
allowed conversion of the efflux time to viscosity.

Researchers prepared three radioactive and one non-radioactive (simulant) slurries. The
non-radioactive simulant composition reflected the SRTC iron and aluminum results for
the Tank 16.4 neptunium solution (Table I), but substituted an equivalent molar quantity
of non-radioactive neodymium for the neptunium. Neptunium slurries at 6.7 and

2.2 wt % insoluble solids were prepared by allowing the solids to settle in a 4 wt %
slurry, decanting clear supernate from one sample to concentrate the insoluble solids to
6.7 wt %, and adding the decant solution to another slurry to dilute it to 2.2 wt %.

Table III lists results of the racetrack tests. The neptunium slurry, as precipitated at 4.0
wt % insoluble solids, flowed smoothly through the racetrack with an efflux time
corresponding to a viscosity of 7.3 cP. This value closely approximates the result from
the Haake viscometer discussed below (7.65 cP). The diluted slurry (2.2 wt %) also
flowed smoothly (4.0 cP). These slurries drained with efflux times less than four
minutes. In contrast, the concentrated slurry (6.7 wt %) did not flow smoothly, flowed
slower with time, and, after 5 minutes, the slurry did not reach the bottom of the
racetrack. Personnel observed similar behavior with a simulated F-Canyon uranium
slurry used in the Am/Cm transfer program.” The uranium slurry flowed rapidly up to
about 3 wt % insoluble solids, but slowed rapidly at higher insoluble solids loadings.

Results from the non-radioactive neodymium simulant (3.7 wt % insoluble solids)
suggest that the simulant provides a reasonable substitute for the rheological properties of
the neptunium slurry. In addition to results from the racetrack apparatus, researchers
obtained two consistent viscosity measurements in a Canon-Fenske viscometer before the
plugging occurred. Results from the two methods differed by ~25% (5.8 cP from the
racetrack; 7.5 cP from the Canon-Fenske viscometer). This range of values for the
simulant overlaps values reported for the neptunium slurry (7.3-7.65 cP at 4 wt %
insoluble solids). The lower average value for the simulant may be due in part to its
lower insoluble solids content compared to the neptunium slurry.
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FIGURE 8. Racetrack Apparatus

TABLE III. Viscosity of Neutralized Neptunium Slurries from Racetrack Tests

Sample Viscosity (cP)
2.2 wt % neptunium slurry 4.0+£0.3
4.0 wt % neptunium slurry 7.3£0.5
6.7 wt % neptunium slurry did not flow
3.7 wt % neodymium simulant 5.840.4*

* This non-radioactive simulant was tested in a Canon-Fenske viscometer and ran twice
successfully before plugging. The viscosity by this method was 7.5+0.1 cP.
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Rheometer Tests on Neptunium Slurry

Researchers measured the yield stress of a settled slurry, and the yield stress and
consistency of a well-mixed slurry at 4 wt % insoluble solids and ambient temperature
(20-23°C) using rotating vane and coaxial cylinder geometries with a Haake rheometer.
The yield stress of settled solids were measured using a four-vane measuring head after
settling for four days. The yield stress by this method was 5.2 Pa. Researchers
homogenized the sample by hand mixing with the vanes, transferred the sample to a
measuring cup, installed a cylindrical rotor, and measured the flow curve (shear rate vs.
shear stress). The flow curve was analyzed assuming the slurry was either a Newtonian
or a Bingham plastic fluid. Detailed results are listed in Appendix A. The Newtonian
viscosity of 7.65 cP agrees closely with the racetrack results (7.3£0.5 cP). The yield
stress for the homogenized slurry was 0.21 to 0.55 Pa. As expected, this was much lower
than the yield stress for settled solids. The authors elected to treat the sheared (well
mixed) slurry as Newtonian.

Rheometer Test on Neptunium Slurry Mixed with Washed Radioactive Sludge

Researchers measured flow curves on a portion of washed radioactive sludge (Sludge
Batch 2)° mixed with 4 wt % neptunium slurry to determine the impact of the neptunium
on the sludge rheological properties. The experiment compared flow curves for the
washed sludge, sludge mixed with neptunium, and the sludge-neptunium mixture diluted
with inhibited water (0.01 M NaOH). The neptunium and sludge were combined in a
volume ratio corresponding to the expected transfer of 12,000 gallons of neptunium
slurry into 360,000 gallons of washed sludge (volume ratio: 1:30). To account for flush
water that may accompany the neptunium, a volume of 0.01 M NaOH equal to the
neptunium slurry volume (i.e., volume ratios: flush water:Np slurry:washed
sludge::1:1:30) was added for the final measurement. The washed sludge sample
contained 17.5 wt % insoluble solids.

Table IV and Figure 9 show the results of modeling the slurries as Bingham plastics. The
addition of the neptunium slurry and flush water thinned the sludge slurry. This is likely
due to the net decrease in wt % insoluble solids caused by the two additions. All of the
results fell within the DWPF operating region.

TABLE IV. Yield Stress and Consistency from Washed Sludge Tests

Sample Yield Stress Consistency
(Pa) (cP)
Washed sludge 7.79 6.0
Washed sludge + Np slurry 7.37 6.0

Washed sludge + Np slurry + flush water 6.53 5.5
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FIGURE 9. Flow Curves for Washed Sludge Mixtures
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Mixing and Transfer Modeling

Mixing and transfer modeling applies to suspending particles in the neutralization tank
(Tank 16.4) and maintaining particles in suspension during transfer to the tank farm.
Researchers examined the applicability of Bingham plastic, slow-settling solids, and fast-
settling solids models and correlations for the neutralized neptunium slurry.

Agitation Requirements for Mixing Settled Neptunium Slurry

To determine the agitation requirements for suspending the neutralized neptunium slurry,
we need first to decide whether it is a Bingham plastic, a slow settling Newtonian
suspension, or fast settling Newtonian suspension. If it is a Bingham plastic, then we
apply the cavern model.”*” If it is a slow settling Newtonian slurry, then we apply the
guidance from Gray and Oldshue.'® If it is a fast settling Newtonian slurry, then we
apply particle suspension correlations from the literature to calculate the required agitator
speed.'"'21%1% If all models predict adequate agitation with the current tank design, then
we can be certain that the particles will suspend regardless of which of the three slurry
types most closely approximates the neptunium slurry. However, if one or more models
predicts the agitation is not adequate, then we must decide which of three types best
represents the neptunium slurry.

Cavern Model

The cavern model (see Appendix B)"** predicts the requirements for mixing a Bingham
plastic fluid. The model describes a system where close to the impeller the shear stresses
generated by the impeller are greater than the yield stress of the slurry, and the slurry is
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well mixed. At large distances from the impeller, the slurry yield stress is larger than the
shear stress generated by the impeller, and the slurry is not mixed. Appendix B contains
the equations describing the cavern model.

The rheological testing of the settled slurry indicated the slurry behaves as a Bingham
plastic with a yield stress of 5.2 Pa, thus justifying application of the cavern model.
Given the Tank 16.4 physical dimensions and the slurry properties described in this
report for a slurry that has settled for four days, the cavern model predicts an agitator
speed of 58 rpm to mix the slurry. Since the plant agitator rotates up to 67 rpm, it should
be sufficient to mix this slurry. The suspension tests in which the stir bar size and
agitation rate predicted by the cavern model achieved a well mixed slurry supports this
conclusion.

In addition to mixing the contents of the tank, the agitator motor must have enough
starting torque to move the agitator buried in settled solids. This report does not address
this question, although, the yield stress for settled solids reported above is needed for the
analysis of the problem.

Slow-Settling Newtonian Correlations

The solids analysis, settling tests, and particle size measurements indicate the neptunium
slurry is a low-concentration (4 wt % insoluble solids), slow settling suspension (0.017
mm/sec) with small particles (<88 micron). Rheological testing of the well mixed slurry
indicated a yield stress (0.21 to 0.55 Pa) small enough to allow modeling as a Newtonian
fluid. Work by Gray and Oldshue demonstrated that slurries with these characteristics
and particle settling velocities less than 2.5 mm/sec suspend easily and uniformly with
impeller stirred tanks.'® Table V shows the calculated settling velocity for four particle
sizes in the range found for the neptunium slurry. Since the settling velocity of the
largest particles (88 microns) at the highest particle density (5.24 g/mL) is less than 2.5
mm/sec, these particles should suspend easily with the current agitator design.

TABLE V. Calculated Settling Velocity

Particle Size Calculated Settling Calculated Settling
(1) Velocity (ft/s) Velocity (mm/s)

18 0.00029 0.087

31 0.00086 0.26

62 0.0034 1.0

88 0.0069 2.1
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Fast-Settling Newtonian Correlations

Since an experimentally measured settling rate for the fastest settling particles was
unavailable, we examined four fast-settling particle suspension correlations using the
same particle size and density data used in the slow-settling and Bingham plastic models.
The correlations apply to fast-settling insoluble solids in tanks mixed with agitators, and
yield the agitator speed required to “just suspend” all of the particles (i.e., no particles
remains stationary on the tank bottom for more than one second). This analysis
attempted to show the adequacy of the existing mixing system even if the particles settled
rapidly.

Table VI lists the correlations and the results of the analysis for particles within the size
and density range of the neptunium slurry. The results of the four correlations agree
within £30% of their average, but they do not predict the existing mixing system is
adequate. The correlations predict that an agitator speed greater than 67 rpm is needed to
suspend all but the smallest particles with the lowest density.

Additional tests to measure settling rates for the largest particles and larger scale (6"
diameter tank) mixing tests could resolve the issue. However, since the fast settling
correlations generally derive from tests using larger particles than found in the neptunium
slurry, and since the rheological testing and settling tests indicate the settled slurry
behaves as a Bingham plastic and the sheared slurry is a slow-settling Newtonian slurry,
we conclude adequate mixing exists in Tank 16.4.

TABLE VL. Fast-Settling Slurry Correlations and Predicted Agitator Speeds

Correlation

Shamlou Baldi Zwietering Chapman

(Ref. 11) (Ref. 12) (Ref. 13) (Ref. 14)
Particle Particle
Density Size Agitator Speed (rpm)
(g/mL) (micron)
5.24 88 230 198 143 181
5.24 62 217 187 133 172
5.24 31 193 166 116 155
5.24 18 176 152 104 143
3.6 88 175 151 112 146
3.6 62 165 142 104 138
3.6 31 147 127 91 125
3.6 18 134 116 81 115
24 88 121 104 80 108
2.4 62 114 98 75 103
2.4 31 101 87 65 92
2.4 18 92 80 58 85
2.0 88 96 82 65 90
2.0 62 90 78 61 85
2.0 31 80 69 53 77
2.0 18 73 63 47 71
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Slurry Transport

The technical literature contains numerous correlations for predicting minimal velocities
to maintain solids in suspension during transfers. Several of these were applied to the
neptunium slurry based on the following information.

The particle density is 3.6 g/ml g/cc.

The fluid density is 1.322 g/cc.

The fluid viscosity is 7.65 cp.

The particle concentration is 5 vol % insoluble solids.
The pipe diameter is 3 inch.

The particle size is 18 p, 31 p, 62 u, and 88 p.

Solid-liquid horizontal flow occurs in several different flow regimes.'>'®!"!* The
primary parameters influencing flow regimes are velocity, fluid density, particle size, and
particle density. The common flow regimes are pseudo-homogeneous suspensions,
heterogeneous suspensions, heterogeneous suspensions with sliding beds, and stationary
beds. Pseudo-homogeneous suspensions occur at high velocities with small particles.
The particles move at the same velocity as the fluid with a uniform distribution across the
pipe. With slower velocities and larger particles, heterogeneous suspensions occur. The
concentration of particles across the pipe is not uniform, and the particle velocity is
slightly less than the fluid velocity. At low velocities with large particles, a
heterogeneous suspension with a sliding bed occurs. Particles in upper part of the pipe
are in suspension and move with the liquid, while particles in the bottom of the pipe form
a sliding bed of solids which moves at a slower, uniform rate. At very low velocities
with large particles, a stationary bed occurs. The upper part of the pipe contains a
suspension, while the lower part contains a deposit, the surface layers of which move.

The conditions at which sliding and stationary beds occur are of interest because these
conditions are normally undesirable. A sliding bed can cause substantial pipe abrasion.
Sliding and stationary beds lead to low transport efficiencies. The transition between a
heterogeneous suspension and a heterogeneous suspension with a sliding bed is often
called the deposition (or critical) velocity or re-suspension velocity, depending on
whether the velocity is decreasing or increasing.'” The axial velocity in a transfer line
should be greater than the deposition velocity or re-suspension velocity. If possible,
slurry transfers should occur as heterogeneous suspensions. '

The Durand equation”?' is frequently employed to calculate minimum transport
velocities (i.e. for heterogeneous suspensions) in horizontal pipelines. The correlation
was developed for coarse particles, and it does not account for differences in particle size.
Equation [1] describes the correlation

v = F[2g(s-1)D] [1]
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where v, is the minimum transport velocity, F is an empirical constant that varies between
0.4 and 1.5, s is the ratio of particle density to fluid density, and D is the pipe diameter.
Using a value of 1.5 for F, 3.6 for s, and 3 inches for the pipe diameter, the calculated
minimum transport velocity is 7.8 ft/sec. This correlation does not enable one to
calculate the transition between a heterogeneous suspension with a sliding bed and a
stationary bed. Additionally, the Durand equation is not sensitive to the size of the
particles, which is a factor when transporting settling slurries in a pipe.

Wasp** added a correction to the Durand equation to account for the influence of particle
size (dp). Using this correction, the modified Durand equation is described by Eqn. [2].

vi=F[2g(s-1)D] * (dy/D)""° [2]
This correlation does not enable one to calculate the transition between a heterogeneous
suspension with a sliding bed and a stationary bed. Using this correlation, the required

transport velocity is 1.9 — 2.5 ft/s.

Turian et. al reviewed a collection of 864 experimental critical velocity data and
developed the following correlation (Equation [3]).

D [ D(s— 1)]0‘5 0.00179 g 0o
v, =[2gD(s —1)"* (1.7951)C*'* (1 - C)O'ml{ P& } (—P] [3]
)7 D
where C is particle volume concentration.> This correlation predicts the transition
velocity equals 3.9 — 4.3 ft/s.

Another correlation that can be applied is the one developed by Walton and described by
Equation [4].

1/3
vz, 22 DA [4]
Re, dp prD

where Re * is the critical Reynolds number, which is a function of particle
concentration.”” For a particle volume concentration of 5%, its value is 7.62. Applying
the Walton correlation, one calculates the transition velocity is 0.8 — 1.1 ft/s.

Table VII summarizes the results. The most conservative approach for determining the
minimum transport velocity for a heterogeneous suspension would be to select the
maximum value from Table VII (7.8 ft/sec).

A less conservative approach would eliminate the results of the Durand correlation since
it does not account for particle size and was developed for large particles. Using the
most

conservative of the remaining correlations (Turian) yields a transition velocity of 3.9 —
4.3 ft/s.
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TABLE VII. Summary of Minimum Transport Velocity Calculations.

Correlation Minimum Transport Velocity (ft/sec)
for Indicated Particle Size
18 n 31 p 62 p 88
Durand 7.8 7.8 7.8 7.8
Wasp 1.9 2.1 24 2.5
Walton 0.8 0.9 1.0 1.1
Turian et.al. 3.9 4.0 4.2 4.3

Since the slurry is composed of a mixture of particle sizes, the fine particles that are
easily suspended will reduce the settling rate of the coarse particles and thereby reduce
the minimum transport velocity.

Hydrogen Generation in Washed Sludge

The addition of the neutralized neptunium slurry to a washed sludge batch will increase
the radiolytic hydrogen generation rate. Hydrogen forms from the degradation of water
by the absorption of radiolytic decay energy. Table VIII lists the results of a preliminary
estimate of radiolytic hydrogen generation in the neptunium slurry and in the washed
sludge-neptunium combination. The calculation follows a similar assessment made for
americium/curium addition to Sludge Batch 3.** The calculation includes the following
major assumptions.

e All the decay energy is adsorbed by water in the waste tank.

e The hydrogen yield (Gp)) is 0.45 molecules/100 eV for beta/gamma radiation
and 1.6 molecules/100 eV for alpha radiation.

¢ 12,700 gallons of neptunium solution of the composition listed in Table I is
transferred to the sludge tank. This includes 8,300 gallons of the current
inventory (containing 34 kg Np) and an additional 4,400 gallons (containing
18 kg Np) of planned additions.

¢ 359,000 gallons of washed sludge in Sludge Batch 2 with the radionuclide
inventory listed in Appendix C or Sludge Batch 3 with radionuclide inventory
listed in Reference 4.

As shown in Table VIII, addition of the neptunium slurry contributes only 8.2% to the
hydrogen generation rate in Sludge Batch 2 and only 0.21% to Sludge Batch 3.
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TABLE VIII. Hydrogen Generation Rates for Neptunium Slurry and Sludge
Batches

Slurry H, Generation Rate Increase Due to
(Ibs/hr) Np Solution

Neptunium solution 8.65x107

Sludge Batch 2 1.60x107

Sludge Batch 2 + Neptunium solution 1.66x107 8.2%

Sludge Batch 3 4.02x10

Sludge Batch 3 + Neptunium solution 4.025x107 0.21%
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SUMMARY AND RECOMMENDATIONS

Researchers investigated the neutralization of neptunium solution from H-Canyon Tank
16.4 and the properties of the resulting slurry. None of the results preclude the transfer of
the neutralized solution to the tank farm. The following summarize the major test results
of this study.

¢ The composition of the Tank 16.4 neptunium solution differs significantly from
preliminary estimates from H Canyon.

- The iron concentration equals 250% of the preliminary estimate. The
slurry will contain more insoluble solids and be more difficult to transfer
than one would estimate from the preliminary results. Rheology test
results support the feasibility of the transfer at the higher concentration.

- The sodium concentration equals 220% of the preliminary estimate. This
contributes 5% more sodium to the washed sludge batch than one would
estimate from the preliminary results. This increase may slightly impact
the DWPF processes.

- Previous evaluations of the transfer feasibility or DWPF impacts based
on the H-Canyon preliminary data should be reviewed in light of the
composition provided in this report.

¢ Neutralization of the acid neptunium solution proceeds smoothly without
complications.

- Metal hydroxide solids precipitate, producing a slurry containing 4 wt %
insoluble solids. The insoluble solids are largely iron hydroxide (92%).
Neptunium hydroxides or oxides comprise only 2% of the insoluble
solids.

- Acid neutralization produces heat, but boiling will not occur if the slurry
remains well mixed during sodium hydroxide addition.

¢ The rheological properties of the neptunium slurry (as precipitated at 4 wt %
insoluble solids) will allow transfer through the tank farm. However,
concentration of the insoluble solids above 4 wt % may cause significant
problems due increased consistency and yield stress.

- The solids settle slowly and re-suspend easily in the 4 wt % slurry.

- The consistency of the 4 wt % slurry is 7.65 cP with a yield stress less
than 1 Pa.

- Concentration to 6.7 wt % insoluble solids increases the yield stress and
consistency, producing a slurry that does not flow through the racetrack
apparatus, and suggesting potential problems during tank farm transfer.

e The neptunium slurry, when combined with the actual SB2 washed radioactive
sludge, yields a combined slurry with acceptable rheological properties for
DWPF processing.

- Addition of the neptunium slurry to a sample of SB2 washed sludge
slightly reduced the yield stress and consistency of the sludge.

e Transfer modeling indicates a minimum fluid velocity of ~4 ft/sec will prevent
the precipitated solids settling in horizontal, 3-inch diameter piping.
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e Mixing calculations using various model differed in their evaluation of the
adequacy of mixing in the H Canyon Tank 16.4 (proposed neutralization tank).
- Bingham plastic modeling and slow-settling Newtonian slurry mixing
guidelines indicate adequate mixing in Tank 16.4.
- Fast-settling solids correlations suggest inadequate mixing for the large
particles.
- Since testing showed the settled solids are Bingham plastic and the
sheared slurry is a slow-settling Newtonian slurry, we conclude
Tank 16.4 has adequate mixing.
e Combining the neptunium slurry with washed sludge will increase radiolytic
hydrogen generation rates slightly (<9%).

The following items are suggested for further investigation to ensure an adequate
technical basis for the transfer of neptunium solution to the tank farms.

e Effects of neutralization parameters on slurry properties.
The present study neutralized neptunium solutions under one
set of conditions (fixed addition rate and temperature profile).
Neutralization in Tank 16.4 will likely occur at higher temperature
and may yield a slurry with different properties. This work could
likely use an appropriate simulated waste solution rather than actual
neptunium solution from Tank 16.4.

o Effects of aging on neutralized neptunium slurry.
The present study includes data limited to storage for 7 days at
ambient temperature. Results from the Am/Cm program4 and other
studies™ showed longer storage times at higher temperature may adversely
affect the rheological properties.

Although of lesser importance than the items listed above, the following studies would
provide additional information confirming the acceptability of the neptunium slurry
transfer to the tank farm.

¢ Investigate rheological properties between 4 wt % and 7 wt % insoluble solids.
The present study showed that insoluble solids content at 6.7 wt % will
likely prove unsuitable for transfer. Additional work between 4 and
7 wt % could more closely define the limit of acceptable solids loadings
should the composition of the neptunium solution change during future
canyon operations.

¢ Investigate rate of dissolution of Np from solids.
The present study showed that, shortly after precipitation, the
neptunium concentration in solution was less than expected
from solubility data. Additional work could determine whether
the neptunium returns to solution. This could be useful information
in evaluating alternatives to the current plan of putting the neptunium
in a washed sludge tank.
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e Settling rate for large particles and large scale mixing test.
A settling rate test for the fastest-settling particles in the neptunium slurry,
or larger scale (6" diameter tank) mixing tests using an appropriate
simulated slurry could resolve the question of adequacy of the Tank 16.4
mixing system.
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APPENDIX A
Experimental

Characterization of Neptunium Solution

The SRS H-Canyon personnel provided a sample of neptunium solution from Tank 16.4.
Thirty peanut vials containing approximately 10 mL each were received on Feb 25, 2003,
and combined in one bottle yielding 300 mL of sample. The combined sample produced
a penetrating radiation field of less than 5 mrem/hr and was stored in a glove box.
Researchers measured the densities of the solution at ambient temperature (235 °C)
using a 25-mL volumetric flask and an analytical balance (£0.001 g). SRTC Analytical
Development Section personnel analyzed portions of the composite sample using routine
methods.

Neutralization of Neptunium Solution

Researchers neutralized several 30-mL and one 60-mL aliquot of the acidic neptunium
solution. The neptunium solution was measured using a graduated cylinder and a more
exact measurement was obtained by weighing the delivered amount of neptunium
solution and the solution density measured previously (1.364 g/mL). Concentrated
NaOH solution (18+1 M, density 1.513 g/mL) was prepared from reagent grade NaOH
pellets and the final concentration was verified by standard acid titration. The
neutralization occurred in Erlenmeyer flasks or reaction flasks scaled to the F-Canyon
Tank 16.4 proportions with mixing provided by a stir bar. NaOH solution was measured
in a graduated cylinder and was added to the neptunium solution in 0.1 mL increments at
time intervals. The addition occurred over 1-2.5 hours, similar to the expected duration
in F-Canyon operations. The temperature of the solution was measured using a stainless
steel thermometer with digital readout (Control Company, ID #20057190). The
accuracy(%0.3 °C) was verified at 20 and 45 °C against a NIST traceable thermocouple.
The slurry was filtered using 0.45 micron nylon disposable filters. Portions of the light
yellow filtrate were sent for analysis, including a density measurement (1.322 g/mL).
The solids were washed with 0.1 M NaOH and dried at ambient temperature (2313 °C)
by drawing air through the filter for 4 days. The weight of the damp solids was still
decreasing after 4 days. The solids were transferred to a tightly capped polyethylene
bottle. Portions of the damp solids were analyzed by x-ray diffraction and scanning
electron microscope methods. The weight loss on drying at 115 °C was 4714 wt %.
Portions of the dried solids dissolved in aqua regia by heating slightly for 5 minutes. The
solution was analyzed to determine metal content.

The particle size distribution of a neptunium slurry was measured using a Microtrac
Model 2 particle size analyzer. The slurry was diluted to the required solids
concentration using 0.1 molar NaOH.
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Rheological Testing of Neutralized Solution

Mixing and Settling Tests

Neutralization of 30 mL portions of slurry were conducted in a 3.95-cm diameter glass
reaction vessel scaled to the dimensions of H-Canyon Tank 16.4 (6 ft diameter, 850
gallons working volume). Stirring was provided by a 1.9 cm long x 0.8 cm diameter
magnetic stir bar (compared to tank stirring provided by a 24" diameter impeller at 67
rpm). The appropriate rotational rate for the stir bar (1100 rpm) compared to Tank 16.4
impeller was calculated from the cavern model (see below). A Compact Instruments
Limited Model CT6/LSR laser tachometer verified the rotation rate provided by the
magnetic stir plate was 400-500 rpm.

After neutralizing, the slurry samples were allowed to settle for either 3 or 7 days. The
glass reaction vessel was lifted above the stir plate, the stir plate adjusted to provide a stir
rate of 400 rpm, and then the reaction vessel was lowered onto the plate. The initial
stirring rate was less than 400 rpm, but gradually increased with time. Initially, the
stirring produced only a pulsing motion at the surface and most of the sample did not
appear to move. After approximately one hour, the slurries appeared to be moving
smoothly at the walls throughout the vessel with all of the solids suspended, and a vortex
was apparent at the surface.

The settling test was conducted in a 2.5-cm diameter x 30 cm tall glass cylinder marked
with a centimeter scale. Approximately 90 mL of 4 wt % insoluble solids slurry were
mixed and added to the cylinder. Periodically the height of the interface between clear
liquid and the settling solids was recorded. During the first day, the slurry separated into
three zones: a perfectly clear zone at the top, a slightly cloudy zone in the middle, and an
opaque zone at the bottom. On the second day, the slightly cloudy zone was absent,
leaving only a clear zone and an opaque zone. The opaque zone was too optically dense
to observe accumulation of settled solids at the bottom. A settling rate for the slow-
settling solids, 0.017 mm/sec was calculated from the data at the start time (28.0 cm) and
after 20 minutes (26.0 cm).

Racetrack Tests

The SRTC glass shop personnel constructed a racetrack apparatus (Figure 7) for
demonstrating the relative flow characteristics of slurries at different solids loadings.

The glass apparatus consisted of a reservoir at the top to hold the slurry sample, a
stopcock to initiate flow, and a coiled section through which the slurry flows. The coiled
tubing (3 mm inside diameter) measured 15.5 cm long and 2.2 cm diameter and contained
24 loops. A measured sample was placed in the reservoir and the stopcock opened. The
time required for the reservoir to drain was measured by a stopwatch. Initial runs with a
new fluid and dry racetrack yielded significantly higher efflux times compared to
subsequent runs and were not included in the data reduction. All tests were conducted at
ambient temperature (2112 °C). After determining the efflux time was linear with
samples sizes
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between 10 and 30 mL, samples of 15 (£3) mL were used in further testing and the efflux
times were linearly corrected to a 15 mL sample volume. The racetrack was calibrated
with four solutions: water, two silicone oil standards (Cole-Parmer, Viscosity Reference
Standards S3 and S6), and a salt solution (3 M NaOH and 3 M NaNQOs). The viscosity of
the salt solution was measured in a calibrated Cannon-Fenske viscometer (Cannon
Instrument Co., Model 50, Serial #U-428). Table A-I and Figure A-1 show the results of
the racetrack calibration for 15-mL sample volumes.

TABLE A-I. Results of Racetrack Calibration and Slurry Tests

Fluid Efflux time Density Dynamic
(sec) (g/mL) Viscosity (cP)

Water linearity test

water, 9.55 mL 22.51£0.17
water, 19.55 mL 48.06+0.81
water, 29.55 mL 70.28+0.92
Calibration data
water 36.1 1.0
S3 silicone oil 94.1 3.7
S6 silicone oil 209.3 8.5
salt solution 57.2 1.229 2.7
Slurries
Neodymium simulant 143.5£8.0 5.810.3
Neptunium slurry, 2.2 wt % 10148 1.322 4.0+0.3
40wt % 180%11 1.322 7.3£0.5
6.7 wt % Did not flow through racetrack.

FIGURE A-1. Calibration of Racetrack Apparatus
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Researchers used the racetrack apparatus to measure the viscosity of a non-radioactive
simulated slurry and three radioactive neptunium slurries. The simulant was prepared as
an acid solution with the composition shown in Table A-II. Portions were neutralized by
the process described for the neptunium slurry with similar results. Radioactive
neptunium slurries at 6.7 and 2.2 wt % insoluble solids were prepared by allowing the
solids to settle in a 4 wt % slurry (initial volume 90 mL), decanting clear supernate

(31 mL) to concentrate the insoluble solids to 6.7 wt %, and adding the decant solution to
another 4 wt % slurry (initial volume 45 mL) to dilute it to 2.2 wt %. Table A-I lists
results of the racetrack tests with the slurry samples.

Rheometer Measurements on Neptunium Slurry

SRTC personnel measured the yield stress of settled slurry with a Haake Model
RV20/M5 rheometer. Prior to performing the measurements, the RV20/M5 rheometer
was checked using a N35 viscosity (50.49 cP at 25 °C) oil standard. The measured
viscosity was 51.9 cP at 25 °C.

The neptunium slurry sample was loaded into a settling cup, placed into a plastic bag (to
minimize evaporative losses), secured to a jack stand, and allowed to settle undisturbed
for 4 days prior to using a vane to measure the settled solids yield stress. A 4-blade vane
(diameter = 1.6 cm, height = 1.6 cm) was used. The vane was installed onto the M5
measuring head. The plastic bag was opened and the sample raised (using the jack) to
the point where the top of the vane was flush with the top of the settled solids. The vane
was then rotated through the sample at approximately 0.3 RPM for 3 minutes. Figure A-
2 shows the results and the response is typical of a material with yield stress. The
maximum yield stress, or shear strength, was 5.2 Pa.

The sample in the measuring cup was then homogenized by hand using the vane. There
were no issues, such as clumps or excess force required to mix this sample. Residual
neptunium slurry material on the vane was flushed into a wide mouth bottle. An MV1
rotor was installed onto the M5 measuring head. The homogenized sample was then
placed into a MV measuring cup and the cup installed onto the M5 measuring head.
Excessive sample was removed.

TABLE A-II. Composition of Non-radioactive Neodymium Simulant

Component Concentration (M)
H' 6.4

Nd**(from Nd(NO3)3 6H,0) 0.0056

Fe" (from Fe(NO;);9H,0) 0.70

A" (from AI(NOs)39H,0) 0.23

NOs” 92
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FIGURE A-2. Neptunium Slurry Yield Strength Measurement

A flow curve program (ramp from 0 to 1000 sec™ in 5 minutes, hold at 1000 sec™ for 1
minute, and ramp from 1000 to 0 sec” in 5 minutes) was used and all measurements were
performed at 25 °C. After the first flow curve measurement, the MV1 cup was removed
and sample was added to the cup. The contents in the MV1 cup were mixed and the cup
was then re-installed back onto the M5 measuring head and excess sample removed. The
sample flow curve program was used. Table A-III shows the flow curve data.

The sample is somewhat non-Newtonian. Plotting of the Newtonian and Bingham Plastic
results against the actual data show that any of the above results can be used. The flow
curve data shows that the yield stress is very low (< 1 Pa) after the material is mixed or
sheared.

TABLE A-III. Rheology Flow Curve Data

Newtonian Viscosity (cp) R’
Up Down Up Down
Run 1 7.86 7.38 0.9736 0.9964
Run 2 7.88 7.50 0.9851 0.9969
Average 7.87 7.44
Average (up/down) 7.65
' Bingham Plastic Consistency (cp) Yield Stress (Pa) R’
Run 1 6.92 7.05 0.63 0.22 0.9984 | 0.9993
Run 2 7.16 7.20 0.48 0.20 0.9985 | 0.9991
Average 7.04 7.13 0.55 0.21
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Rheometer Test on Neptunium Slurry Mixed with Washed Radioactive Sludge

Approximately 60 mL of mixed slurry were removed from the “combined” SB2
Rheology sample bottle and placed into a calibrated 125mL bottle to complete the first
rheology measurement (sludge-only). To complete the second measurement, another 30
mL of mixed SB2 slurry (from the “combined” SB2 Rheology sample bottle) was added
to the calibrated 125 mL bottle along with ~3mL of neptunium slurry (93 mL - total
volume of 125mL bottle after all additions). To complete the third rheology
measurement, ~3mL of 0.01M NaOH solution was added to the calibrated bottle
containing the 90mL of sludge slurry and Np Slurry. All of the rheological
measurements for the sludge slurry samples were obtained using a Haake RV30/M5
system located in a shielded facility. A NIST traceable Newtonian oil standard (~28 cP
@ 25°C) was used to check and verify the instrument’s response prior to the start of the
sludge slurry measurements and after the last sludge slurry measurement. The MVI rotor
and MV cup was used in all of the measurements obtained. A flow curve program (ramp
from 0 to 1100 sec” in 5 minutes, hold at 1100 sec’! for 1 minute, and ramp from 1100 to
0 sec”' in 5 minutes) was used and all measurements were performed at 25 °C.

The data were curve fitted using the Bingham Plastic model between a shear rate of 86s™
to 1100s”. The Bingham plastic model is defined as follows.

Tau = Tau, + nD or {t =1, +1/100 j/}

Where: Tau (1) = Shear stress {Dynes/cm?}
Tau, (t,)= Shear stress at D =05 {Dynes/cmz} or Yield Stress
1 = Consistency {centipoise = cP}

D (j/) = shear rate {s"'}

Table A-IV lists the results of the curve fitting.

TABLE A-IV. Results of Bingham Plastic Model Curve Fit to Slurry Samples

Fitted Shear Ty n 5
Slurry Rate Range(s™’) | (Dynes/cm?) (cp) R
Washed sludge 86— 1100 77.9 6.0 0.97
Washed sludge 86— 1100 73.7 6.0 0.98
+ Neptunium
Washed sludge 86— 1100 65.3 5.5 0.97
+ Neptunium +
inhibited water
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APPENDIX B
Mixing and Transfer Modeling Calculations

Cavern Model Calculations

Equations [1] — [3] describe the cavern model.”*”

H 1Yr1Y
+—|— |
N o= Zy\P 3D [B-1]
© D, PN,
4v.m A, +l T
D 3)"
N, = [B-2]

[B-3]

In equations [B1] — [B-3], N. is the impeller speed required to mix the entire tank, V. is
the cavern volume, H, is the cavern height, D, is the cavern diameter, T is the tank
diameter, Dy is the impeller diameter, t, is the slurry yield stress, p is the slurry density,
and N, is the impeller power number (assumed to be 3). For a well mixed tank, the
cavern volume is equal to the slurry volume, the cavern height is equal to the slurry
height in the tank and the cavern diameter is equal to the tank diameter.

Table B-I shows the operating parameters for the neutralization tank, along with the
predictions for required agitator speed to mix the tank. The model predicts an agitator
speed of 58 rpm is needed to mix the slurry in the plant.

Particle Settling Velocities

The particle settling velocities for different sized particles were calculated by the
following equations.*

ve = g(s-1)d,/18v for Re, < 1.4 [B-4]
vs = 0.13[g(s-1)] 0‘72d§,1'18v'0‘45 for 1.4 <Re, < 500 [B-5]
ve=1.74[g(s-1) dp]* for Re, > 500 [B-6]
Re, = dyvy/v [B-7]
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TABLE B-1. Required Agitator Speed to Mix Settled Neptunium Slurry

Parameter Plant-Scale Tank  Lab-Scale
H. 3.8 ft 2.64 cm

D, 6.0 ft 395 cm

T 6.0 ft 3.95 cm

D 2.0 ft 1.9 cm

Ty 52 dynes/cm’ 52 dynes/cm’
p 1.322 g/ml 1.322 g/mL
N, 3 3

N. (Equation [1]) 57 rpm 1077 rpm
N¢ (Equation [2]) 57 rpm 1077 rpm
N, (Equation [3]) 58 rpm 1077 rpm
Average 58 rpm 1077 rpm
Tip speed 6.0 ft/sec 3.5 ft/sec

where Vs is the settling velocity, g is the acceleration due to gravity, s is the ratio of
particle and fluid densities (s = particle density/fluid density), d,, is the particle diameter,
and v is the fluid kinematic viscosity (v = p/p).

To perform the calculation, one assumes a particle Reynolds number, calculates the
settling velocity with the appropriate equation, and calculates a new particle the Reynolds
number with the calculated settling velocity. If the Reynolds number is in the correct
range for the equation used, the calculated settling velocity is correct. If the Reynolds
number is not in the correct range for the equation used, use a different equation to
calculate the settling velocity. Repeat these steps as necessary.

Fast-Settling Particle Suspension Correlations

Table B-II shows the correlations developed for fast-settling particle suspension. In
Table B-II, ps is the particle density, pris the fluid density, g is the gravitational constant,
d, is the particle size, C, is particle volume concentration, T is tank diameter, Cp is the
drag coefficient, Po is the power number, D is the impeller diameter, Z is the liquid
height, v is the kinematic viscosity, p is the fluid viscosity, X is the particle weight
fraction, and S is a constant. Typical values of S are between 5 and 7.
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TABLE B-II Agitator Speed Required to Suspend Insoluble Particles
Reference Correlation
Shamlou'! _ 12
35 ps pf gl/Zdﬁl/échBT 1/6 1/3
N _ pf dp Cv T
s CD1/6P0|/3D5/3 D5/3
. 12 1/2
Baldi et. al v g(ﬂs —,Df) (T dpl/G » dpl/éT
Js pf P01/3 D D2/3 Z D5/3Z
Zwietering' ( ) .
N - Py d,”X
Js D.85 D.85
Chapman et. al'* 4
p Sv.ld ~15[g( S_pf)J X412
)4 d 415X.12
N, = i 2
Js D.76 D.76

The following parameter values were used in the calculations.

The particle density is 2.0 — 5.24 g/cc.

The fluid density is 1.322 g/cc.

The fluid viscosity is 7.65 cp.

The particle size is 18 p, 31 p, 62 u., and 88 L.
Tank diameter is 1.83 m.

Impeller diameter is 0.61 m.

Impeller power number is 3.

Insoluble solid particle concentration is 5%.
Liquid density is 1.322 g/ml.

Sis 6.

Kinematic viscosity is 0.059 cm2/s.

Drag coefficient is 2.

Zis 1.
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APPENDIX C
Hydrogen Generation Calculations

The hydrogen generation calculations followed the assessment made for the
americium/curium addition to Sludge Batch 3.** The following equation predicts the rate
of hydrogen gas generation (R;, Ibs/hr) for each radionuclide (i).

Ri=QW; G, [20gH>] [ 1mole 1[3600 sec/h][ leV/isec ][ 11b ]
100 mole H, 6.022E23 molecules 1.602E-19 watts 453.6 g

where Q; = number of curies of radionuclide i (Curies)
Wi = decay heat (watts/Ci)
G;j = radiolytic yield (molecules/100eV).

For the purposes of this calculation, each radionuclide is assigned a bounding G value
based on the type of decay it undergoes, either beta/gamma or alpha decay. The G value
for beta/gamma is 0.45 molecules/100 eV and for alpha is 1.6 molecules/100 eV.** The
calculation assumes all of the decay energy is absorbed by water in the waste.

Table I of this report lists the concentrations of the major radionuclides that contribute to
hydrogen generation from the 8,300 gallons of neptunium solution (containing 34 kg of
neptunium) currently stored in H-Canyon Tank 16.4. In addition to the current inventory,
an additional 18 kg Np will transfer to Tank 16.4 by April 2004.> We assumed that the
additional 18 kg will be accompanied by the same radionuclide distribution found in the
current inventory. Thus, the final volume transferred volume will equal 12,700 gallons
with the composition shown in Table I. The preliminary report from H-Canyon
personnel list additional radionuclides concentrations used in the calculation.”> Table C-I
shows the data used and the results of the calculation of the hydrogen generation rate for
the neptunium solution.

SRTC researchers previously calculated hydrogen generation rates for Sludge Batches 2
and 3.** The value reported for Sludge Batch 2 (1.60x107 1bs/hr) is corrected to reflect a
smaller inventory of washed sludge at the time the neptunium transfer occurs. The
corrected value assumes 359,000 gallons of washed sludge at a density of 1.12 kg/L and
containing 19 wt % sludge solids. This corresponds to 2.89x10° kg of dry oxides
compared to the previously reported value of 4.37x10° kg. The following calculation
yields the hydrogen gas generation rate at the time of the neptunium transfer.

1.60x107 Ibs x 2.89x10°kg =  1.06x107 Ibs/hr
hr  4.37x10° kg

The hydrogen generation rate reported for Sludge Batch 3 Case 4 (includes Am/Cm and
Pu transfers) is used without modification (4.02)(10'2 Ibs/hr).
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TABLE C-1. Hydrogen Generation Rate for Neptunium Solution

Radionuclide

C-14
Sr-90
Y-90
Cs-137
Ba-137m
Eu-154
U-234
U-235
U-236
U-238
Np-237
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Ingrown Am-241
Am-241
Am-242m
Am-2423
Cm-244
Cm-245

Wi
(watts/Ci
)

2.93E-04
1.16E-03
5.44E-03
1.01E-03
3.94E-03
9.08E-03
2.83E-02
2.71E-02
2.66E-02
2.49E-02
2.88E-02
3.26E-02
3.02E-02
3.06E-02
3.20E-05
2.90E-02
3.28E-02
3.28E-02
4.05E-04
3.15E-02
3.44E-02
3.33E-02

Radiatio

n
type

Beta
Beta
Beta
Beta
Gamma
Gamma
Alpha
Alpha
Alpha
Alpha
Alpha
Alpha
Alpha
Alpha
Beta
Alpha
Alpha
Alpha
Alpha
Alpha
Alpha
Alpha

Gi
(molecules/100 eV)

0.45
0.45
0.45
0.45
0.45
0.45
1.6
1.6
1.6
1.6
1.6
1.6
1.6
1.6
0.45
1.6
1.6
1.6
1.6
1.6
1.6
1.6

Total (Ibs/hr)

Qi
(Curies)

0.00E+00
0.00E+00
0.00E+00
4.56E+01
4.56E+01
0.00E+00
1.01E+00
1.96E-03
1.82E-02
2.57E-04
4 47E+01
9.52E+02
3.75E+00
5.17E+00
3.57E+02
4.44E-02
0.00E+00
5.48E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
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Ri
(Ibs/hr)

(Ibs/hr)

0.00E+00
0.00E+00
0.00E+00
3.41E-08
1.33E-07
0.00E+00
7.52E-08
1.40E-10
1.27E-09
1.68E-11
3.39E-06
8.17E-05
2.98E-07
4 16E-07
8.46E-09
3.39E-09
0.00E+00
4.73E-07
0.00E+00
0.00E+00
0.00E+00
0.00E+00

8.65E-05

Note: The generation rate is based on 12,7000 gallons of neptunium solution (52 kg Np).

The following calculations show the percentage change caused by adding the neptunium

solution to the sludge batches.

SB2:
SB3:

100 (8.65x107 Ibs/hr)/(1.06x107 Ibs/hr) = 8.2% increase
100 (8.65x107° Ibs/hr)/(4.02x10 Ibs/hr) = 0.21% increase
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