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EXECUTIVE SUMMARY 
 

Under the Accelerated Basin De-inventory (ABD) program H-Canyon will be dissolving aluminum spent 
nuclear fuel (ASNF) and then neutralizing that solution without performing head-end strike or uranium 
recovery operations.  After dissolution in H-Canyon the material will be neutralized to a free hydroxide 
concentration of either 0.6 M or 1.2 M to meet the waste acceptance criteria for transfer to the SRS 
Concentration, Storage and Transfer Facility (CSTF).  In order to ensure the material could be successfully 
neutralized and transferred, SRNL completed experiments with simulated H-Canyon dissolver solutions.  
Two bounding simulants were developed based on the expected compositions of ASNF to be dissolved, 
one containing only Gd as the neutron poison and one containing Fe as an additional poison. 
 
The first simulant represented a batch of dissolver solution from dissolution of HFIR fuel after isotopic 
adjustment to 3 wt% 235U and poisoning with Gd at a ratio of 0.625:1 Gd:235U.  The second simulant also 
represented a batch of dissolved HFIR fuel, adjusted to 3 wt% 235U enrichment, with Gd added at a ratio of 
0.625:1, but also included the addition of Fe as a neutron poison at a ratio of 160:1 Fe:239Pu equivalent.  
Analysis of samples taken throughout the neutralization indicated the lowest Gd:235U ratio was observed at 
about the mid-point of the neutralization where the ratio was 0.549 in the solids.  This ratio is still well 
within the safety limits based on the Nuclear Criticality Safety Evaluation (NCSE) performed to calculate 
the minimum critically safe Gd:235U ratio in an infinite system.  The evaluation found this ratio to be 0.025 
Gd:235U for all credible hydrogen to fissile atom ratios.  Similar results were obtained for the simulant also 
containing Fe, where the minimum Gd:235U ratio observed was 0.552 in the solids. 
 
Physical and rheological properties of the resulting neutralized simulants were also studied to provide the 
necessary data for performing flow calculations examining the transfer of neutralized slurry from H-Canyon 
to the CSTF.  All endpoints had a final density above the 1.35 g/mL limit and therefore require further 
dilution at the end of the neutralization.  For Simulant #1, the slurry can be successfully transferred after 
dilution to a density between 1.27 and 1.35 g/mL for both the 0.6 M and 1.2 M OH- endpoints.  To minimize 
water addition for Simulant #1, it is recommended to process at 1.35 g/mL.  For Simulant #2, it was 
determined that flow will backup into the header if the pipe roughness is greater than 0.00015 ft for densities 
above 1.33 g/mL for the 0.6 M slurry.  For Simulant #2 it is recommended to target final densities of 
1.33 g/mL for the 0.6 M OH- endpoint or 1.35 g/mL for the 1.2 M OH- case if the transfer is non-Newtonian.  
If simulant #2 is transferred as a Newtonian fluid, target 1.25 g/mL for either the 0.6 M or 1.2 M OH- 
endpoints, given densities higher than 1.25 g/mL should be treated as non-Newtonian.  At 1.21 g/mL for 
Simulant #2, the critical velocity needed to maintain the Na2U2O7 particles in suspension exceeds that of 
the pipeline velocity, indicting settling could occur.  If there is excessive buildup in the piping from previous 
transfers (e.g., pipe roughness greater than 0.00125 ft), backup into the 10” header will occur for either 
simulant.  Flushing after transfers is recommended at or above 75 gpm.  
 
In addition to the experimental studies, a literature survey and subsequent modeling evaluation were 
performed to determine the potential for seeding of sodium aluminosilicates following the neutralization 
that could lead to the formation of scale on the wall of the tank which may also contain uranium.  Formation 
of aluminosilicate scale has previously been identified as an issue in the liquid waste processing activities 
at SRS, particularly in the evaporators where high-level waste containing high concentrations of Al and 
recycle water from the vitrification facility containing high concentrations of Si are combined and 
evaporated.  The proposed mechanism for formation of the aluminosilicate scale in the SRS evaporators is 
the formation of a sodium aluminosilicate hydrogel precursor which converts to Zeolite-A under 
hydrothermal conditions at elevated temperature, and subsequently to nitrated-cancrinite/sodalite scale.  
Formation of the hydrogel requires a near 1:1 ratio of aluminate and silicate species, which is unlikely to 
occur in the H-Canyon process where the aluminate concentration will greatly exceed the silicate 
concentration.  This in combination with the lower temperatures in the neutralization tanks indicate that the 
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formation of sodium aluminosilicate scale is not likely to occur in H-Canyon.  Modeling of the first 
neutralized simulant from this work (Gd poison only) showed that the Si precipitated in the form of a small 
amount of a sodium aluminosilicate phase (natrolite, Na2Al2Si2O10∙2H2O) that formed just after the 
equivalence point of the neutralization was reached and persisted through the end of the simulated 
neutralization.  The modeling also indicated that >99.999% of the initial U added was precipitated in the 
form of sodium diuranate (Na2U2O7).  In the case of the second simulant (Gd and Fe poisons), no sodium 
aluminosilicate phases were observed to form, and again >99.999% of the U in the system was present as 
Na2U2O7 at the end of the neutralization. 
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1.0 Introduction 
Under the Accelerated Basin De-inventory (ABD) program H-Canyon will be dissolving aluminum spent 
nuclear fuel (ASNF) and then neutralizing that solution without performing head-end strike or uranium 
recovery operations.1  The initial fuel to be dissolved under this program includes both High Flux Isotope 
Reactor (HFIR) and Material Test Reactor (MTR) fuel.  The fuel will be dissolved in H-Canyon using the 
existing flowsheets,2,3 which involve the addition of mercury (Hg) as a catalyst, gadolinium (Gd) as a 
neutron poison as needed, and nitric acid.  After dissolution, the ABD material will be neutralized to a free 
hydroxide concentration of either 0.6 M or 1.2 M to meet the waste acceptance criteria4 for transfer to the 
Concentration, Storage, and Transfer Facility (CSTF). 
 
In order to ensure the material could be successfully neutralized and transferred to the CSTF, Savannah 
River National Laboratory (SRNL) conducted studies with a simulated H-Canyon dissolver solution.  A 
bounding simulant was developed based on the expected compositions of HFIR and MTR fuels.  Items to 
be addressed through the testing included determination if there was separation of the fissile and poison 
during the neutralization and if the rheology of the resultant slurry was such that it could be successfully 
transferred through the waste header to the CSTF.  In addition, a literature survey was performed to 
determine if there are any concerns associated with the seeding of sodium aluminosilicates following the 
neutralization that could lead to the formation of scale on the wall of the tank which may also contain 
uranium. 

2.0 Experimental Procedure 

2.1 Simulant Preparation 
The ABD program will include the dissolution of both MTR and HFIR fuels.5  Information on the expected 
composition of batches of MTR and HFIR fuel6 were used for evaluating potential simulant compositions 
in order to select a bounding composition for this work.  The expected average composition of a batch of 
MTR fuel to be dissolved in the 6.1D dissolver is provided in Table 2-1.   The HFIR fuel has a much higher 
level of 235U enrichment, and therefore will require a larger dilution with depleted uranium to reach the ~ 3 
or < 5 wt% 235U target (as specified in the Technical Task Request (TTR))7 for transfer to the CSTF, 
resulting in higher overall uranium concentrations.  The expected composition of a batch of HFIR fuel 
consisting of 5 inner and 5 outer cores per batch in the 6.4D dissolver is provided in Table 2-2.  The initial 
volumes of the 6.1D and 6.4D dissolvers are 7,500 L and 15,000 L, respectively.  At the end of dissolution 
of a batch, the final volumes are expected to have decreased to 6,500 L and 13,875 L, respectively, due to 
evaporation (based on the average final volumes from recent dissolutions).8 
 

Table 2-1.  Expected Composition of an Average MTR Batch6 

 Al U 235U Np Pu Si 
Mass per Batch (g) 381,648 26,500 8,700 163 174 1400 
Concentration in 
Initial Dissolver 

Volume (g/L) 

50.9 
(1.89 M) 3.53 1.16 0.022 0.023 0.19 

Concentration in 
Final Dissolver 
Volume (g/L) 

58.7 
(2.18 M) 4.08 1.34 0.025 0.027 0.22 
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Table 2-2.  Expected Composition of an Average HFIR Batch6 

 Al U 235U Np Pu 
Mass per Batch (g) 664,881 39,787 34,276 58 70 

Concentration in Initial 
Dissolver Volume (g/L) 

44.3 
(1.64 M) 2.65 2.29 0.0039 0.0047 

Concentration in Final 
Dissolver Volume (g/L) 

47.9 
(1.78 M) 2.87 2.47 0.0042 0.0050 

 
Compositions expected after adjustment of the 235U enrichment to 3% and 5% as well as inclusion of the 
Gd poison at a mass ratio of 0.625 Gd:235U sludge equivalent (235U(eqSLU)) a were calculated and are 
provided in Table 2-3, using the concentrations in the final dissolver solutions from Table 2-1 and Table 2-2 
as input.  An enrichment level of 0.15%, a total U concentration of 480 g/L, and an acid concentration of 
0.25 M was used for the depleted uranium (DU) solution added for the isotopic adjustment.6  Variations to 
the DU solution composition which may be more dilute or have higher acid concentrations are not expected 
to impact the outcome of this work.  Higher acid concentrations will require additional sodium hydroxide 
addition during the neutralization, but would not be expected to impact the precipitation behavior.  The 
minor components (i.e., Np, Pu, Si) were not included in these calculations, as their concentrations are not 
expected to significantly impact the results of the experiments planned.  The values in Table 2-3 represent 
the final concentrations, using the expected final dissolver volumes8 (accounting for evaporation during 
dissolution) and the depleted uranium addition. 

Table 2-3.  Expected Compositions of Dissolver Solutions after Isotopic Adjustment 

 Al U 235U 235U % Gd 
HFIR Diluted to 

5% 235U (g/L) 43.6 46.2 2.31 5.0 1.44 

HFIR Diluted to 
3% 235U (g/L) 40.8 73.7 2.21 3.0 1.38 

MTR Diluted to 
5% 235U (g/L) 56.0 26.2 1.31 5.0 0.82 

MTR Diluted to 
3% 235U (g/L) 53.9 43.0 1.29 3.0 0.80 

 
As seen from the values in Table 2-3, the HFIR solution diluted to 3% 235U has the largest U concentration 
due to the higher enrichment level of this fuel.  This composition is expected to be the most challenging in 
terms of rheology and flow due to the higher solids content, and therefore was selected as the bounding 
simulant for this work.  Depleted uranium was used for all uranium in the simulant preparation as the 
isotopic composition will not affect the chemical (e.g., precipitation) behavior of the uranium.  The expected 
acid concentration at the end of dissolution for both the HFIR and MTR flowsheets is predicted to be about 
1.5 M HNO3.  The target simulant composition is provided in Table 2-4, taking into account the dilution 
following the addition of the DU solution.6 
 

 
a The 0.625 Gd:235U(eqSLU) was specified in the TTR; however, different facilities may utilize different 235U equivalent formulas 
depending on what is applicable to a given facility. 
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Table 2-4.  Target Composition of Simulant #1 

Component Concentration in Simulant 
Al 40.8 g/L 
U 73.7 g/L 

Gd 1.38 g/L 
HNO3 1.31 M 

 
In order for the Liquid Waste Contractor, Savannah River Mission Completion (SRMC), to authorize the 
addition of ABD material to Sludge Batch 11, it is likely that SRMC may require the addition of iron as a 
poison prior to the transfer.  As adding iron will increase the solids content of the neutralized stream, and 
therefore impact the rheology, an additional simulant was also prepared adding iron at a 160:1 Fe:239Pu 
equivalent ratio.9  The 239Pu equivalence is defined below in equations 1 and 2.9  The composition of the 
simulant to be prepared with iron is provided in Table 2-5.  The facility would add iron as a 41 wt% solution 
of iron nitrate (135 g/L Fe). 
 

239Pu(eq) = 239Pu + 241Pu + 244Cm + 15(245Cm) + 35(242mAm) + 0.65(235U(eqSLU)) (1) 

235U(eqSLU) = 235U + 1.4(233U) (2) 
 

Table 2-5.  Target Composition of Simulant #2 

Component Concentration in Simulant 
Al 15.1 g/L 
U 27.3 g/L 

Gd 0.51 g/L 
Fe 85.1 g/L 

HNO3 0.49 M 
 
The uranium used for preparing both simulants was obtained through dissolution of a sample of U3O8 
containing depleted uranium.  For Simulant #1, the U3O8 was dissolved in nitric acid to a target 
concentration of 150 g/L with a final nitric acid concentration of 1.5 M.  Analysis of the product from 
dissolution indicated the solution was 143 g/L U and had a nitric acid concentration of 1.78 M.  The simulant 
was prepared by dissolving 2.41 g of gadolinium nitrate hexahydrate and 344.33 g of aluminum nitrate 
nonahydrate in distilled deionized (DDI) water.  15.16 mL of concentrated nitric acid and 313 mL of the 
DU solution were then added to give a final volume of 612 mL.  A sample of the prepared simulant was 
analyzed by inductively coupled plasma – emission spectroscopy (ICP-ES) and free acid titration to confirm 
the metal and nitric acid concentrations. 
 
For Simulant #2, the U3O8 was again dissolved in nitric acid, this time to a target concentration of 100 g/L 
U and a final nitric acid concentration of 1.6 M.  Analysis of the product from dissolution indicated the 
solution was 97.9 g/L U and had a nitric acid concentration of 1.90 M.  Simulant #2 was then prepared by 
dissolving 0.9015 g of gadolinium nitrate hexahydrate, 128.87 g of aluminum nitrate nonahydrate, and 
377.79 g of ferric nitrate nonahydrate in DDI water.  171 mL of the DU solution was then added to give a 
final volume of 614 mL.  A sample of the prepared simulant was analyzed by ICP-ES and free acid titration 
to confirm the metal and acid concentrations. 

2.2 Neutralization Experiments 
Neutralization of each simulant was performed by the addition of 50 wt% (18.9 M) sodium hydroxide 
solution to the starting simulant while mixing with an overhead mixer and Rushton impeller.  The reactor 
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vessel had no baffles, and the impeller was installed at an angle to provide better mixing.  For Simulant #1 
the starting volume was 608 mL and for Simulant #2 the starting volume was 610 mL.   Figure 2-1 is that 
of the vessel and mixer used for neutralizations.  The vessel included a water jacket for cooling of the 
mixture during neutralization to ensure the temperature remained below 60 °C.  The temperature was 
monitored throughout the neutralization with a Measuring and Test Equipment (M&TE) calibrated 
thermocouple.  The sodium hydroxide was added at a controlled rate through the use of a syringe pump.  A 
60-mL syringe was loaded with 50 wt% NaOH solution, and tubing was used to deliver NaOH from the 
syringe to the reaction vessel at an addition rate between 2 to 4 mL/min.  The impeller speed was adjusted 
throughout the NaOH addition to maintain a slight vortex in the vessel.  The impeller speed ranged from 
250 rpm at the start of the addition to 1100 rpm at the point in the addition where mixing became most 
difficult.  Samples were removed periodically throughout the neutralization reaction.  The solid and liquid 
phases from each sample collected were separated either through filtration or in some cases centrifugation.  
Liquid phase samples were diluted with deionized water prior to submitting for analysis.  Solid samples 
were dissolved in either 8 M or concentrated (15.7 M) HNO3 and then diluted with water prior to analysis.  
A summary of samples taken and analyses performed is provided in Table 2-6.  The 50 wt% NaOH addition 
proceeded until reaching the calculated quantity of NaOH required to reach an end point of 0.6 M free 
hydroxide.  At this point the slurry was transferred from the reaction vessel and roughly equal amounts 
were placed in two separate polyethylene bottles.  During the transfer the volume placed into each bottle 
was measured.  The calculated quantity of 50 wt% NaOH necessary to reach 1.2 M free hydroxide was 
added to one of the bottles and was mixed by manual shaking of the bottle.  These two bottles at 0.6 M and 
1.2 M free hydroxide were then used for further physical property measurements and flow calculations 
described in the next section. 
 

 
Figure 2-1.  Photograph of jacketed reaction vessel and overhead mixer before being placed inside 

the radiological hood. 
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Table 2-6.  Samples Collected During Neutralization Experiments 

Simulant #1 
Sample 

# 
Volume of 50 wt% 

NaOH added pH Analyses 

1 55 mL < 2 Filtrate and digested solids: ICP-ES 
2 100 mL ~2.5 Filtrate and digested solids: ICP-ES 
3a 195 mL NMb Digested solids: ICP-ES 

4 291.4 mL NM, 0.6 M free 
OH (calculated) 

Filtrate and digested solids: ICP-ES; slurry: particle size 
and weight percent solids: density 

5 321.4 mLc NM, 1.2 M free 
OH (calculated) 

Filtrate and digested solids: ICP-ES; slurry: particle size 
and weight percent solids: density 

Simulant #2 
Sample 

# 
Volume of 50 wt% 

NaOH added pH Analyses 

1 50 mL < 2 Filtrate and digested solids: ICP-ES 
2 150 mL < 2 Filtrate and digested solids: ICP-ES 
3d 225 mL NM Filtrate and digested solids: ICP-ES 

4 270 mL NM, 0.6 M free 
OH (calculated) 

Filtrate and digested solids: ICP-ES; slurry: particle size 
and weight percent solids: density 

5 295.8 mLc NM, 1.2 M free 
OH (calculated) 

Filtrate and digested solids: ICP-ES; slurry: particle size 
and weight percent solids: density 

a Mixture was nearly solid at this point of the neutralization.  Difficult to obtain good mixing and unable to collect a 
liquid sample.  A sample of the solid was collected using a spatula.  b NM = not measured.  c This is equivalent to the 
amount added if the sample was not split at the 0.6 M end point as described above.  d Mixture very viscous at this 
point of the neutralization with a large quantity of precipitated solids.  A small amount of filtrate was obtained for 
analysis. 

2.3 Physical Property Measurements 
Samples from each of the end points (0.6 M and 1.2 M free hydroxide) were submitted to Sensing and 
Metrology (SaM) for particle size and weight percent solids analysis.  Particle size measurements were 
performed using a Microtrac S3500 instrument.  Samples of the slurry were submitted for analysis along 
with a diluent prepared to match the major composition of the supernate.  This diluent was used to dilute 
samples of the slurry in the instrument for particle size measurements.  Compositions of the diluents 
prepared are provided in Table 2-7.  Weight percent solids measurements were completed in triplicate for 
each sample.  A sample of the slurry (approximately 3 g) was placed into a glass beaker and dried in an 
oven at 115 °C until a constant weight was achieved to obtain the weight percent total solids (wt%TS).  In 
addition, a sample of the slurry was filtered through a 0.2-µm filter to obtain a sample of filtrate.  The 
filtrate sample was also placed into a beaker and dried at 115 °C until a constant weight was achieved to 
obtain the weight percent of dissolved solids in the supernate (wt%DSS).  Finally, the weight percent 
insoluble solids (wt%IS) was calculated using equation (3).  

Table 2-7.  Diluents for Particle Size Measurements 

Component 
Concentration (M) 

Simulant #1 0.6 M 
Free OH endpoint 

Simulant #1 1.2 M 
Free OH endpoint 

Simulant #2 0.6 M 
Free OH endpoint 

Simulant #2 1.2 M 
Free OH endpoint 

Al(NO3)3·9H2O 0.997 0.958 0.365 0.343 
NaOH 4.59 (0.60 M free) 5.03 (1.2 M free) 2.06 (0.60 M free) 2.57 (1.2 M free) 
NaNO3 1.40 1.91 3.75 3.48 

 
  



SRNL-STI-2022-00114 
Revision 0 

 6 

wt%IS =
wt%TS − wt%DSS

100% − wt%DSS
∙ 100% (3) 

Where: wt%TS = weight percent totals solids in slurry 
 wt%DSS = weight percent dissolved solids in the supernate 
 wt%IS = weight percent insoluble solids in the slurry 
 
The densities of the resulting slurries obtained at the 0.6 M and 1.2 M free hydroxide end points were 
measured using a M&TE density meter (Storage Battery Systems, SBS 3500 digital hydrometer). 

2.4 Sample Preparation for Rheological Measurements 
Given the 1.35 g/mL density limit for neutralized slurries in H-Canyon,10 the 0.6 M and 1.2 M free 
hydroxide slurries from both neutralizations were diluted with additional 0.6 M and 1.2 M NaOH solution 
to bring the density down to 1.35 g/mL and other targeted densities below this value.  The 0.6 and 1.2 M 
NaOH solutions were prepared using 50 wt% NaOH solution and DDI water, volumetrically.  The densities 
of the 0.6 and 1.2 M NaOH solutions were obtained from reference11 given the molarities.   
 
Duplicate rheological measurements require a total of 75 mL of slurry.  To determine the volumes of the 
starting slurries (endpoint simulant) and diluents (0.6 and 1.2 M NaOH), volume additivity12 was used.  
Equations (4) and (5) were used to determine volume additions for the diluent and starting slurry, 
respectively.  A summary of targeted slurry samples prepared for rheology measurements is provided in 
Table 2-8, given the batched densities of the starting simulants.  
 

VD =
(ρT − ρf)
(ρD − ρf)

∙ VT (4) 

 

Vf = VT − VD (5) 

 
Where: VD = volume of diluent (0.6 or 1.2 M NaOH) 

Vf = volume of starting slurry 
VT = volume of target slurry 
ρT = target slurry density 
ρf = starting slurry density 
ρD = density of diluent 
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Table 2-8.  Samples Prepared for Rheology Measurements 

Simulant #1 0.6 M Free Hydroxide 

Target Density (g/mL) Volume of Feed (mL) Volume of 0.6 M NaOH (mL) 
1.35 69.2 5.8 
1.33 64.9 10.1 
1.31 60.7 14.3 
1.27 52.1 22.9 

Simulant #1 1.2 M Free Hydroxide 
Target Density (g/mL) Volume of Feed (mL) Volume of 1.2 M NaOH (mL) 

1.35 67.3 7.7 
1.33 62.8 12.2 
1.31 58.3 16.7 
1.27 49.3 25.7 

Simulant #2 0.6 M Free Hydroxide 
Target Density (g/mL) Volume of Feed (mL) Volume of 0.6 M NaOH (mL) 

1.35 71.1 3.9 
1.33 66.7 8.3 
1.31 62.3 12.7 
1.29 57.9 17.1 
1.25 49.2 25.8 
1.21 42.7a 32.3 

Simulant #2 1.2 M Free Hydroxide 
Target Density (g/mL) Volume of Feed (mL) Volume of 1.2 M NaOH (mL) 

1.35 69.6 5.4 
1.33 65.0 10.0 
1.31 60.3 14.7 
1.29 55.7 19.3 
1.25 46.4 28.6 
1.21 40.1a 34.9 

a Prepared using the 1.35 g/mL sample, volume reflects volume of 1.35 g/mL slurry versus original 
feed. 
 

The densities of the 0.6 M and 1.2 M NaOH solutions and the target density samples in Table 2-8 above 
were measured after the rheological measurements were completed.  The wt%DSS in the 0.6 M and 1.2 M 
NaOH solutions were obtained from reference 11.  The wt%IS and wt%TS for the target density samples 
were calculated using equations (6) and (7), respectively.   
 

wt%IS,sample =
wt%IS,f ∙ Vf ∙ ρf

(Vf + VD) ∙ ρsample
 (6) 

 

wt%TS,sample =
wt%TS,f ∙ Vf ∙ ρf + wt%TS,D ∙ VD ∙ ρD

(Vf + VD) ∙ ρsample
 (7) 

Where: wt%IS,sample = weight percent of insoluble solids after dilution 
 wt%TS,sample = weight percent of total solids dilution dilution 
 wt%IS,f = weight percent of insoluble solids as batched slurry 

wt%TS,f = weight percent of total solids of as batched slurry 
wt%TS,D = weight percent of dissolved solids of as dilution 

 ρsample = target sample density 
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2.5 Rheological Measurements 
Flow curves (shear stress versus shear rate) were obtained using a Haake VT550 roto-viscometer.  Initial 
setup included determining the water bath temperature that would yield viscosity of three NIST traceable 
oil standards as specified on the certificate of analyses at 25 °C, to within +/- 3% of the published value, 
this resulted in setting the bath water temperature to 26 °C for subsequent measurements.  The VT550 was 
then functional checked using a NIST traceable oil standard the day flow curve measurements were 
obtained.  Samples were prepared by shaking the bottle, swirling to assist in removing entrained air, loading 
into the cup, raising into heating/cooling bath jacket, trimming excess fluid, zeroing the torque on the 
VT550 manually, and starting the measurement using the sludge flow curve profile shown in Table 2-9.  
Sufficient volume for each sample condition was made to allow for two independent measurements and the 
rheological results were averaged. 
 

Table 2-9.  Flow Curve Profile Using the MV1 Geometry 

Up Curve Hold Down Curve Sample Volume 
0 to 600 s-1 linearly 

in 5 min 600 s-1 for 1 min 600 to 0 s-1 
linearly in 5 min 35 mL 

 
The resulting up and down curves were fitted to Bingham Plastic rheological model, equation (8). 

τ = τo + μ∞ ∙ γ̇ (8) 

Where: τ = measured shear stress 
 τo = Bingham Plastic Yield Stress 

μ∞ = Bingham Plastic Viscosity 
γ̇ = shear rate 

 
The average apparent viscosity (equation (9)) at the maximum shear rate (600 s-1) is obtained and will be 
used if the fluid is analyzed as a Newtonian fluid. 

μ
6001s

=

∑ �τγ̇�6001s
n

n
 

(9) 

Where: μ6001s
 = average apparent viscosity at 600 sec-1 

�τ
γ̇
�
6001s

= apparent viscosity at 600 sec-1 

n = number of data points obtained at 600 sec-1 

2.6 Flow Calculations 
In this case, only full pipe analysis was performed.  This provides an ideal of the maximum flow that could 
be obtained and if the actual flowrates feeding the gravity feed lines are higher, the material will back-up 
in the 10-inch header.  For flowrates lower than this, the pipe will be partially filled and calculations can be 
performed to determine fill height and average velocity if necessary.  
 
The calculations are based on the method Darby presents in reference 13.  It is assumed that the vapor 
pressure in the 10-inch header and the receipt vessel are essentially the same, hence the change in elevation 
will equate to the frictional losses due to piping and fittings.  This is shown as equation (10) and is derived 
from equations (6-2), (6-5) and (7-34)13. 
 

g∆z =
4L
D

f
V2

2
+ 4f

V2

2
��

L
D
�
eq

+
V2

2
�Kf (10) 
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Where: ∆z = difference between inlet to outlet elevation 
g = gravitational acceleration 

 V = Average fluid velocity 
L = length of piping 
D = inside diameter of piping 
f = friction factor 
�L
D
�
eq

 = equivalent L
D

 method for fittings 

Kf = entrance and exit losses 
 
The �L

D
�
eq

for the fittings were obtained from Crane.14  Crane states turbulent friction factors as denoted in 

their manual should be used, but in this case, the friction factor is calculated using equation (11).  This 
results in a higher pressure drop, hence is conservative. 
 
For Newtonian fluids, the friction factor is determined using Colebrook’s equation, equation (11).13  This 
equation is applicable for turbulent flow, 𝑁𝑁𝑅𝑅𝑅𝑅 > 4000.  Clean pipe and rusty pipe flow calculations will be 
performed.  For clean pipe, 𝜀𝜀 = 0.00015 ft and for light and general rust 𝜀𝜀 = 0.00125 ft and 0.00667 ft, 
respectively.15 

1
√f

= −4 ∙ log �
ε

3.7 ∙ D
+

1.255
NRe√f

� (11) 

Where:  ε = pipe roughness 
NRe = ρVD

μ
 = Reynolds number 

ρ = fluid density 
μ = viscosity 

 
For Bingham Plastic fluids, equations (12) through (16) will be used.  These equations are independent of 
pipe roughness, hence are for smooth pipe analysis.  Note roughness does not impact laminar flow analysis. 

fL =
16

NReB
�1 +

1
6

NHe

NReB
−

1
3

NHe
4

f3NReB
7 � (12) 

 

fT =
10a

NReB
0.193 (13) 

 

a = −1.47 ∙ �1 + 0.146 ∙ e−2.9x10−5NHe� (14) 

 

f = (fLm + fTm)
1
m (15) 

 

m = 1.7 +
40000
NReB

 (16) 
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Where: fL = Bingham Plastic friction factor 
 fT = Bingham Plastic turbulent friction factor 
 a = variable used in Bingham Plastic turbulent friction factor 
 m = variable used to determine overall friction factor 
 NReB = ρVD

μ∞
 = Bingham Reynolds number 

NHe = D2∙ρ∙τo
μ∞2

 = Hedstrom number 
 
To estimate the transition from laminar to turbulent for Bingham Plastic fluids, the method proposed by 
Hanks16, equations (17) and (18) will be used.  This is applicable for 104 < 𝑁𝑁𝑅𝑅𝑅𝑅𝑅𝑅 < 107.17 
 

NReB,C =
NReB

8 ∙ xc
�1 −

4
3

xc +
1
3

xc4� (17) 

 
xc

(1 − xc)3 =
NReB

16,800
 (18) 

 
Where: NReB,C = Transitional Bingham Reynolds number 

xc = critical value of the ratio of yield to wall stresses 
 
The flowrate is calculated using equation (19). 
 

Q = π ∙ V ∙ �
D
2
�
2
 (19) 

Where: Q = volumetric flowrate 
 
The elevation drop, pipe runs, and fittings from Building 221-H to H-Area Pump Pit (HPP)#5 and HPP#6 
are based on drawings W715433, W712040, W712649, W712042, W712648, W714352, W714341, 
W713240, W716075, W716076, and W716212 and are shown in Appendix A.  The various drain lines are 
colored blue, green, yellow, and pink for transfer lines WF1100, WF1101, WF1102, and WF1103, 
respectively.  WF1103 information is provided, but this line is not in service.  WF1100 and W1102 will be 
used in this analysis and bound WF1101.  Table 2-10 provides a summary of the hydraulic systems for the 
four different discharge lines leaving 221-H to the HPP.  Table 2-10 contains the elevation drop, piping run, 
K, and the number and total �𝐿𝐿

𝐷𝐷
�
𝑒𝑒𝑒𝑒

for each elbow of having a radius bend to pipe diameter ratios as provided 

in the drawings.   
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Table 2-10.  Elevation drop, Pipe run, and fittings for 3” schedule 40 Waste Transfer Line Between 
Building 221-H to HPP#5 and HPP#6  

 WF1100 WF1101 WF1102 WF1103 
∆H 19.03 ft 17.22 ft 15.81 ft 14.73 ft 

Pipe Run 756.9 ft 770.6 ft 775.0 ft 752.6 ft 
 Number K Number K Number K Number K 

Entrance 1 0.5 1 0.5 1 0.5 1 0.5 
Exit 1 1 1 1 1 1 0 0 

Elbow (r/d) Number �
𝐿𝐿
𝐷𝐷
�
𝑒𝑒𝑒𝑒

 Number �
𝐿𝐿
𝐷𝐷
�
𝑒𝑒𝑒𝑒

 Number �
𝐿𝐿
𝐷𝐷
�
𝑒𝑒𝑒𝑒

 Number �
𝐿𝐿
𝐷𝐷
�
𝑒𝑒𝑒𝑒

 

1 1 20 1 20 1 20 1 20 
1.5 5 70 5 70 4 70 5 70 
2 0 0 1 12 1 12 0 0 
5 2 32 2 32 2 32 1 16 
7 3 63 3 63 3 63 3 63 

90° Mitre 2 120 2 120 2 120 2 120 

�
𝐿𝐿
𝐷𝐷
�
𝑒𝑒𝑒𝑒,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

  305  317  303  289 

2.7 Critical Velocity and Sloped Piping 
The critical velocity is the velocity at which solids will deposit (settle) to the bottom of the pipeline to form 
a bed at the bottom of the pipe from fully suspended flow.18  The critical velocity is determined from the 
physical properties of the solids being transported and of the carrier fluid, and the inside diameter of the 
pipe.  The results for such testing resulted in correlations that are fitted to physics or non-physics based 
phenomena.  Other correlations have been developed to cover a broad range of solids, fluids, and pipe sizes, 
such as those developed by Wasp’s19 and Oroskar and Turian18, equations (20) and (21) respectively.  Their 
correlations also took into consideration the solids concentration.  Typically, these correlations are based 
on commercial applications, where the mean (50 vol. % tile) particle size is around 100 to 200 microns, 
outside the range of interest for this work. 
 
Given the particle of interest is dense and small (5 to 15 microns), the correlation developed and discussed 
by Poloski20 will be utilized as well as an upper limit developed by Wilson and Judge as described in 
Poloski’s article for such particles.  Poloski’s method (equations (22) through (24)) is applicable for 
Archimedes (Ar) numbers less than 80 and the Wilson and Judge results are shown in Figure 2-2 and used 
with equation (24).  The Wilson and Judge Froude (Fr) number will be determined based on the calculated 
Ar number.  The pipe diameter has been replaced with the hydraulic radius, to provide an indication of how 
the critical velocity and pipe velocity are impacted by sloped piping.  The viscosity of the slurries will be 
based on the Newtonian viscosities at the measured maximum shear rate of 600 1

𝑠𝑠𝑠𝑠𝑠𝑠
.  

 

Vd = 3.116 ∙ CV0.186 ∙ �
d50

4 ∙ RH
�
1
6
∙ �8 ∙ g ∙ RH ∙ �

ρs
ρ
− 1��

0.50

 (20) 
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Vd = 1.85 ∙ CV0.1536 ∙ (1 − Cv)0.3564 ∙ �
d50

4 ∙ RH
�
−0.378

∙ �g ∙ d50 ∙ �
ρs
ρ
− 1�

∙

⎝

⎛
4 ∙ RH ∙ ρl ∙ �g ∙ d50 ∙ �

ρs
ρ − 1�

μ
⎠

⎞

0.09

∙ (χ)0.30 

 

(21) 

 

Ar =
4
3
∙

g ∙ d503 ∙ �ρsρ − 1� ∙ ρ2

μ2
 (22) 

 

𝐹𝐹𝐹𝐹 = 0.59 Ar0.15 (23) 

 

Vd = Fr ∙ �4 ∙ g ∙ RH ∙ �
ρs
ρ
− 1��

0.50

 (24) 

 
Where: Vd = critical velocity 

Cv = volumetric concentration of solids 
d50 = 50% tile particle diameter 
RH = hydraulic radius 
ρs = solids density 

 χ = fraction of eddies with velocity = 0.9619  
Fr= Froude number from Wilson and Judge in Figure 2-2 or Poloski (equation (23)) 
Ar = Archimedes Number 

 

 
Figure 2-2.  Disposition Froude Number for Small and Dense Particles (Ref. 20) 
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The average pipeline velocity should have a margin 30% greater than the largest critical velocity for 
conservatism.21  
 
The precipitated solids of the simulants generated in this task are assumed to be of the forms stated in 
Table 2-11.  The crystal particle densities of the solids and the reference where the data was obtained is 
provided.  The solids generated during the precipitation process are flocculated, where the voided volume 
is filled with supernate.  The crystal particle densities are greater than the flocculated densities,22 hence the 
use of crystal density is conservative.  For example, if the Na2U2O7 floc contained 20 vol. % of 1.35 g/mL 
supernate, the density of the floc would be 5.53 g/mL rather than the crystal density of 6.57 g/mL.  Given 
the same particle size distribution would be used for any solids species, the uranium species, given it has 
the largest crystal density, will have the largest Ar number, resulting in the highest critical velocity and will 
be used in the analysis. 
 

Table 2-11.  Crystal Densities of Precipitated Solids  

Solids Density (g/mL) Reference 

NaAl(OH)4 1.34 
T. P. Kropyvnytska and et al., “The effect of sodium aluminate on the 
properties of composite cements”, IOP Conference Series – Materials 

Science and Engineering, 2019 
Fe(OH)3 3.4 www.aqua-calc.com/page/density-table/substance/ferric-blank-hydroxide 

Na2U2O7 6.57 

A.L Smith and et al., “Thermodynamic investigation of Na2U2O7 using 
Knudsen effusion mass spectrometry and high temperature X-ray 

Diffraction”, Vol. 90, pp. 199-208, Journal Chemical Thermodynamics, 
2015 

Gd(OH)3 5.6 
A.J. Tan and et al., “Hydration of Gadolinium oxide (GdOx) and its effect on 
voltage-induced Co oxidation in a Pt/Co/GdOx/Au heterostructure”, Vol. 3, 

Physical Review Materials, 2019 
 
The average velocity and hydraulic radius will be determined for sloped piping.  The sloped piping is 
assumed to be at steady state without any fitting or entrance losses.  Calculations will be performed using 
pipe roughness of 0.00015 ft.  EXCEL’s goal seek function is used to determine: 

• Slope required to obtain full pipe conditions at 75 gpm 
• The average velocity at 75 gpm and the critical velocity for the average slope of line 1100. 

 
For line 1100, the slope of the pipe ranges from 0.00503 to 0.32645 ftvertical/fthorizontal.  Of the approximately 
767 feet of sloped pipe run, 534 feet has a slope of 0.01553 ftvertical/fthorizontal.  The piping as it leaves the 
facility is steep and as sections of piping are added, the average slope ranges from 0.32645 (at the start) to 
0.02194 (near the discharge), with an overall average of 0.02232 ftvertical/fthorizontal.  This average value will 
be used to determine the average pipeline velocity and critical velocities.  See Appendix A for the piping 
runs. 
 
For any given sloped line, excluding fitting or exit/entry loses, equation (10) becomes equation (25) 
 
∆𝑧𝑧
𝐿𝐿

=
4

𝑔𝑔 ∙ 𝐷𝐷
𝑓𝑓
𝑉𝑉2

2
 (25) 

 
The friction factor for partially full pipe is equation (26).23  This is the Fanning friction factor, equation 
(25) is based on the Darcy friction factor, hence 𝑓𝑓 = 4𝑓𝑓𝑓𝑓. 
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1

�𝑓𝑓𝑓𝑓
= −2 ∙ 𝑙𝑙𝑙𝑙𝑙𝑙 �

𝜀𝜀
12 ∙ 𝑅𝑅𝐻𝐻

+
2.51

𝑁𝑁𝑅𝑅𝑅𝑅,𝑓𝑓�𝑓𝑓𝑓𝑓
� ,𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑁𝑁𝑅𝑅𝑅𝑅,𝑓𝑓 =

4 ∙ 𝜌𝜌 ∙ 𝑉𝑉 ∙ 𝑅𝑅𝐻𝐻
𝜇𝜇

  (26) 

 
Substituting the hydraulic radius for 𝐷𝐷 and the Fanning friction factor, equation (25) becomes equation (27), 
which will be solved. 
 

∆𝑧𝑧
𝐿𝐿

=
𝑓𝑓𝑓𝑓

4 ∙ 𝑔𝑔 ∙ 𝑅𝑅𝐻𝐻
𝑉𝑉2

2
=

𝑓𝑓𝑓𝑓 ∙ 𝑉𝑉2

8 ∙ 𝑔𝑔 ∙ 𝑅𝑅𝐻𝐻
 (27) 

 
The velocity and hydraulic radius for a partially filled pipe can be determined using geometry as shown in 
Figure 2-3.   Figure 2-3 shows the cross sectional of a partially filled pipe. 
 

 
Figure 2-3.  Partial Pipe Fill to Determine the Hydraulic Radius for a Given Fill Height 

 
Where: 

Y = fill height 
F = fill factor = Y

D
 

θ = angle of fill = 2 ∙ acos(1− 2 ∙ F) 
TC = cord length = Dsin �θ

2
� 

A = cross-sectional area of flow = D
2∙(θ−sinθ)

8
 

Pw = wetted perimeter = D∙θ
2

 
 
The hydraulic radius is the ratio of the cross-sectional area of flow divided by the wetted perimeter, equation 
(28).  Given the cross-section area of flow, the average velocity is determined using equation (29). 
 

𝑅𝑅𝐻𝐻 =
A 
Pw

=
𝐷𝐷2 ∙ (𝜃𝜃 − 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)

8
𝐷𝐷 ∙ 𝜃𝜃

2
=
𝐷𝐷 ∙ (𝜃𝜃 − 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)

4 ∙ 𝜃𝜃
 (28) 

 

θ 
D 

Y 

TC 
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𝑉𝑉 =
Q 
𝐴𝐴

=
8 ∙ 𝑄𝑄

𝐷𝐷2 ∙ (𝜃𝜃 − 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) (29) 

 
The critical velocity will be calculated using the hydraulic radius of the average sloped pipe and this value 
will be compared to the velocity of the sloped pipe calculations.  
 

2.8 Literature Review and Modeling Regarding Formation of Aluminosilicates 
A literature survey was conducted to determine the feasibility of forming sodium aluminosilicates following 
the neutralization of the ASNF which could result in the formation of scale on the wall of the tank which 
may also contain U.  The literature survey uncovered previous work where modeling was performed using 
a commercially available software package, The Geochemist Workbench® (GWB).  Similar modeling was 
then performed using the expected composition of the neutralized streams studied in this work (starting 
with 1 L of simulant prior to neutralization).  Si was not included in the experimental simulant work; 
however, was added to the modeling due to the need for Si to form potential aluminosilicates.  The amount 
of Si was based upon a bounding amount determined in prior work.24  Modeling was performed using the 
REACT module of the GWB in conjunction with the Yucca Mountain Project (YMP) thermodynamic 
dataset.  This database invokes the Harvie-Møller-Weare activity formalism of the Pitzer equations, which 
allows high ionic strength solutions to be modeled using virial activity coefficients for solution species. The 
solution compositions were used to establish the two input basis vectors for the calculations – the basis 
vectors are given in Table 2-12. 

Table 2-12.  Basis Vectors for GWB Modeling 

Simulant #1 Simulant #2 
Input Species Moles Input Species Moles 
Al+++ (as Al) 1.4751 Al+++ (as Al) 0.5263 
UO2

++ (as U) 0.3201 UO2
++ (as U) 0.1092 

Gd+++ (as Gd) 0.00897 Gd+++ (as Gd) 0.0032 
NO3

- 6.21241 Fe++ (as Fe) 1.5221 
SiO2(aq) 0.0067 NO3

- 6.7742 
Na+ 1.0e-23 SiO2(aq) 0.0067 

H+ (as pH) balance Na+ 1.0e-23 
H2O 1.258 (kg) H+ (as pH) balance 

 H2O 1.202 (kg) 
 
The total amount of nitrate was determined by considering the addition of the metal cations as nitrates to 
the original solution. The amounts of starting nitrate and metals were based on 1 L of the starting simulant.  
The concentration of the hydrogen ion was used to charge balance the solutions and the initial amount of 
water was adjusted such that the final solution volume (at the end of the modeled neutralization) was 
equivalent to that measured during the neutralization experiments. Sodium was included in the basis vector 
to allow for its addition as a reactant. 
 
The neutralization was modeled by concurrently adding 9.8304 mol of Na+ and 9.8304 mol of OH- to the 
basis vector in steps of 0.0983 mol/step for Simulant #1 and 9.1921 mol of Na+ and 9.1921 mol of OH- in 
steps of 0.091921 mol/step for Simulant #2. The final volume at the end of the modeled reactions of 
Simulants #1 and #2 were 1519 mL and 1485 mL, respectively. 
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2.9 Quality Assurance 
Requirements for performing reviews of technical reports and the extent of review are established in manual 
E7 2.60.  SRNL documents the extent and type of review using the SRNL Technical Report Design 
Checklist contained in WSRC-IM-2002-00011, Rev. 2. 25   This work was performed following the 
applicable Task Technical and Quality Assurance Plan (TTQAP).26  The Technical Task Request (TTR) 
associated with this work7 requested a functional classification of Safety Significant (see section 9.5 of the 
TTQAP entitled “Clarification of Safety Significant Functional Classification”).  To match the requested 
functional classification, this report and calculations within received a technical review by design 
verification.27  Data are recorded in the Electronic Laboratory Notebook (ELN) system.28 

3.0 Results and Discussion 

3.1 Simulant Characterization 
As described above, two different starting simulants were prepared for the neutralization studies.  The first 
simulant represents the expected composition of the dissolver solution after dissolution of a HFIR fuel batch 
and adjustment of the 235U enrichment level to 3% with Gd added as a neutron poison at a ratio of 0.625:1 
Gd:235U.  The second simulant represents the expected composition of the dissolver solution, again after 
dissolution of a HFIR batch of fuel and adjustment to 3% enrichment, but also with the addition of Fe as a 
neutron poison at a ratio of 160:1 Fe:239Pu equivalents.  After preparation of the simulants, samples were 
analyzed by ICP-ES and free acid titration.  The results are provided in Table 3-1.  The metals were within 
6% of target as where the HNO3 was within 19%. 
 

Table 3-1.  Composition of Prepared Simulants 

Component Simulant #1 Simulant #2 
Concentration % of Target Concentration % of Target 

Al 39.8 g/L 97.5% 14.2 g/L 94.1% 
U 76.2 g/L 103% 26.0 g/L 95.3% 

Gd 1.41 g/L 102% 0.503 g/L 98.4% 
Fe n/a n/a 85.0 g/L 99.9% 

HNO3 1.12 M 85.5% 0.401 M 81.8% 
Gd:235U 

ratio 0.617 98.7% 0.645 103% 

Fe:239Pueq n/a n/a 168 105% 

3.2 Neutralization Reactions 

3.2.1 Simulant #1 
Neutralization of Simulant #1 was performed as described above, starting with 608 mL of the as-prepared 
simulant.  Sodium hydroxide (50 wt%) was slowly added at a controlled rate using a syringe pump.  The 
starting rate of addition was 2 mL/min, but this was increased to 4 mL/min after the first 70 mL of 50 wt% 
NaOH had been added.  An orange-colored precipitate was formed immediately upon addition of sodium 
hydroxide.  The precipitate appeared to slowly redissolve; however, never fully redissolved given the time 
frame of observation.  It has been previously reported that the presence of a local hydroxide concentration 
appreciably higher than the overall concentration can lead to the formation of an aluminum precipitate that 
is difficult to redissolve, even though it is unstable.29  After 55 mL of 50 wt% NaOH had been added, the 
NaOH addition and agitation was stopped, and the first sample (2 mL) was collected from the vessel.  The 
pH was measured to be approximately 2 (with pH test strip).  The precipitate was observed to settle quickly 
to the bottom of the vessel during this sampling effort.  This sample was filtered to obtain both a liquid and 
solid phase for analysis.  The filtrate was further diluted with DDI water and submitted for ICP-ES analysis.  
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The solids were easily dissolved in 1 mL of 8 M HNO3 and diluted with DDI water prior to submission for 
ICP-ES analysis.  After collection of the sample, the agitator was turned on and the NaOH addition 
continued.  Once 100 mL of 50 wt% NaOH had been added, the addition was again paused to collect a 
sample (2 mL).  At this point in the neutralization process the solids appeared to be more stable and not 
redissolving, and the measured pH was approximately 2.5.  When collecting the 2 mL sample from the 
vessel it was observed that the precipitate quickly settled in the pipette tip.  The sample was filtered, 
prepared, and submitted for analysis as previously described.  A photograph of the solids collected at this 
second sampling point is shown in Figure 3-1.  After collecting the second sample, NaOH addition 
continued.  Upon reaching approximately 190 mL of 50 wt% NaOH added, the mixture became difficult to 
mix due to the large quantity of solids that had precipitated.  The agitator speed was increased from 400 to 
1100 rpm in attempts to mix, with no success.  A sample of the solid was collected at this point using a 
spatula.  No filtrate/supernate sample could be obtained.  The collected solids were dissolved in 8 M HNO3, 
diluted with DDI water, and submitted for analysis.  In this case the solids did not readily dissolve in 1 mL 
of 8 M HNO3 so an additional 0.5 mL was added at which time the solids fully dissolved.  A photograph 
the reaction vessel at this point in the neutralization is shown in Figure 3-2.  After collecting the sample, 
the agitator was raised slightly in the vessel, and the NaOH was continuously added to the shaft location 
and a cavern was created that slowly increased in size until mixing was observed throughout the surface.  
Regions at the bottom of the vessel, furthest away from the impeller were still gelled, in this case the vessel 
was moved to blend in these sections.  The NaOH addition continued, and a fluid system was once again 
obtained as the aluminum began to redissolve.  The NaOH addition continued until a total of 291.4 mL of 
50 wt% NaOH had been added to achieve a free hydroxide concentration of 0.6 M.  At this point, the 
simulant was roughly equally divided into two polyethylene bottles.  The first bottle (0.6 M free hydroxide 
endpoint) received 450 mL of the neutralized simulant and the second bottle (to become the 1.2 M free 
hydroxide endpoint) received 456 mL of the neutralized simulant.  The 1.2 M free hydroxide endpoint was 
achieved by adding 15.25 mL of 50 wt% NaOH to the 1.2 M free hydroxide bottle, capping, and then 
shaking the bottle to mix.  Samples were then removed from both bottles, filtered, and samples prepared 
for analysis.  The solids collected in these samples proved more difficult to dissolve than earlier samples 
and the final acid quantities added to each solids sample to achieve complete dissolution were 3 mL of 8 M 
HNO3 and 1 mL of concentrated (i.e., 15.7 M) HNO3.   
 

 
Figure 3-1.  Photograph of solids collected on filter from Sample #2 during neutralization of 

Simulant #1. 
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Figure 3-2.  Photograph of the reaction mixture at the point of maximum solids precipitation 

during neutralization of Simulant #1 (190 mL of 50 wt% NaOH had been added). 

 
Summaries of the ICP-ES data for the liquid and solid phases of each sample collected are provided in 
Table 3-2 and Table 3-3, respectively.  The row and column of Table 3-2 and 3-3, respectively, shows the 
Gd:235U ratio.  The experiments were performed using depleted uranium; and therefore, the theoretical 235U 
amount was calculated based upon an enrichment level of 3 wt%.  The lowest Gd:235U ratio was observed 
in the solid sample obtained near the equivalence point where maximum solids precipitation was observed.  
For comparison the Gd:235U in the prepared simulant was 0.617 (target of 0.625).  The Nuclear Criticality 
Safety Evaluation (NCSE) calculated the minimum critically safe gadolinium to uranium ratio in an infinite 
system to be 1:40 weight ratio of Gd to 235U with all credible hydrogen to fissile atom ratios.30  This is a 
0.025 Gd:235U ratio.  Therefore, all sampling points taken throughout the neutralization are well within the 
safety limits based on the NCSE. 

Table 3-2.  Supernate Component Concentrations During Neutralization of Simulant #1 

Sample 1 2 3 4 (0.6 M OH-) 5 (1.2 M OH-) 
mL 50 wt% NaOH added 55 100 190 291.4 321.4a 

moles NaOH Added 1.04 1.89 3.60 5.52 6.09a 
Measured (Calculatedb) pH ~2 (2.8) ~2.5 (2.9) NM (3.2) NM (13.8) NM (14.1) 

Al g/Lc 34.6 32.3 –d 11.9 18.7 
% Original 95% 94% –d 44% 72% 

Gd g/Lc 1.18 1.09 –d < 9.0E-04 < 9.0E-04 
% Original 91% 90% –d < 0.09% < 0.10% 

U g/Lc 67.0 61.5 –d < 0.014 < 0.014 
% Original 96% 94% –d < 0.03% < 0.03% 

Gd:235Ue 0.585 0.591 –d n/a n/a 
NM = not measured.  a This is the equivalent amount that would have been added had the slurry not been split once reaching the 
0.6 M free hydroxide endpoint.  The actual amount was less due the smaller actual volume adjusted to 1.2 M free hydroxide.  
b OLI Studio 9.6 was used to calculate the pH at sampling points 1-3.  The calculated pH of points 4 and 5 is the calculated pH 
of 0.6 and 1.2 M hydroxide, respectively.  c The analytical uncertainty for the ICP-ES results is 10% at 2 sigma.  d No supernate 
sample obtained at this point.  e Testing was performed with depleted U; however, this is the calculated Gd:235U ratio assuming 
an enrichment of 3%. 
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Table 3-3.  Solid Component Concentrations During Neutralization of Simulant #1 

Sample 1 2 3 4 (0.6 M OH-) 5 (1.2 M OH-) 
mL 50 wt% NaOH added 55 100 190 291.4 321.4a 

moles NaOH Added 1.04 1.89 3.60 5.52 6.09a 
Al (g/L)b 9.55 8.49 7.25 9.75 6.55 
Gd (g/L)b 0.330 0.255 0.233 0.372 0.318 
U (g/L)b 18.7 15.1 14.2 20.6 17.2 
Gd:235Uc 0.589 0.563 0.549 0.602 0.617 

a This is the equivalent amount that would have been added had the slurry not been split once reaching the 0.6 M free hydroxide 
endpoint.  The actual amount was less due the smaller actual volume adjusted to 1.2 M free hydroxide.  b Comparison of absolute 
concentrations between samples is not relevant due to different amounts of solids collected and different amounts of acid used 
to dissolve solids.  The analytical uncertainty for the ICP-ES results is 10% at 2 sigma.  c Testing was performed with depleted 
U; however, this is the calculated Gd:235U ratio assuming an enrichment of 3%.  

3.2.2 Simulant #2 
Neutralization of Simulant #2 was performed as described above, starting with 610 mL of the as-prepared 
simulant.  Sodium hydroxide (50 wt%) was slowly added at a controlled rate with the use of a syringe pump 
at a rate of 4 mL/min.  A precipitate was observed immediately upon addition of sodium hydroxide.  Sodium 
hydroxide addition continued, and the solution was observed to become darker in color as the addition 
continued with the precipitation of dark brown solids.  Sodium hydroxide addition was paused when 50 mL 
of 50 wt% NaOH had been added, at which point the first sample (2 mL) was collected from the vessel and 
the pH was measured to be < 1 (with pH test strip).  This sample was filtered to obtain a liquid and solid 
phase for analysis.  The filtrate was further diluted in water and submitted for ICP-ES analysis, and the 
solid was easily dissolved in 0.5 mL of 8 M HNO3.  The dissolved solids solution was also diluted in water 
prior to submission for ICP-ES analysis.  After collection of the sample, the NaOH addition continued.  At 
the point where approximately 100 mL of 50 wt% NaOH had been added, the rotor speed was increased 
from 300 rpm to 350 rpm to maintain a slight vortex.  Once 150 mL of 50 wt% NaOH had been added, the 
addition was again paused to collect a sample (2 mL).  It was found that the pH was difficult to read due to 
the dark color of the solution staining the pH test strips; however, the pH appeared to still be < 2 at the 
second sampling point.  Again, the sample was filtered, and the solids collected were easily dissolved in 
1 mL of 8 M HNO3.  Diluted samples of the filtrate and dissolved solids were again submitted for analysis.  
After collecting the second sample, NaOH addition continued.  As the mixture became more viscous due 
to the precipitation of a large quantity of solids, the rotor speed was increased 50 rpm at a time from 350 rpm 
to 550 rpm by the time 210 mL of 50 wt% NaOH had been added.  Upon reaching 225 mL of 50 wt% 
NaOH added, the mixture became difficult to mix and the rotor speed had been increased to 800 rpm.  The 
third sample was collected at this point.  A 2 mL sample was removed from near the surface to obtain a 
liquid fraction.  The sample was filtered, and a small amount of filtrate was obtained for analysis, although 
the sample was difficult to filter and could not all be filtered.  A small sample of the solids was collected 
directly on the tip of a spatula and this sample was easily dissolved in 1 mL of 8 M HNO3.  After collecting 
the samples, the NaOH addition was resumed.  The mixture remained viscous and difficult to mix, and the 
agitator speed was increased to 900 rpm.  As additional NaOH was added, and the mixture became more 
fluid the agitator speed was reduced to 800 rpm and then to 700 rpm.  The NaOH addition continued until 
a total of 270 mL of 50 wt% NaOH had been added to achieve a free hydroxide concentration of 0.6 M.  
Once reaching the 0.6 M free hydroxide end point, the reaction mixture was roughly equally divided into 
two polyethylene bottles.  The first bottle (0.6 M free hydroxide endpoint) received 440 mL of the slurry 
and the second bottle (to become the 1.2 M free hydroxide endpoint) received 438 mL of the slurry.  It was 
also observed that the Simulant #2 solids are more cohesive than Simulant #1 and more of the solids 
remained in the mixing vessel.  An additional 12.9 mL of 50 wt% NaOH was then added to the 1.2 M free 
hydroxide bottle and the contents were mixed by capping and shaking the bottle.  Samples were then 
removed from both bottles to prepare for analysis.  Filtration of samples from either endpoint was 
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unsuccessful, and therefore samples from each endpoint were centrifuged in a minicentrifuge to separate 
the solid and liquid fractions.  The supernate was decanted and diluted for analysis, and a portion of the 
solids from each endpoint were dissolved in 0.5 mL of 8 M HNO3 and 0.5 mL of concentrated HNO3. 
 
Summaries of the ICP-ES data for the liquid and solid phases of each sample collected are provided in 
Table 3-4 and Table 3-5, respectively, including the calculated Gd:235U and Fe:239Pueq ratios.  The 
experiments were performed using depleted uranium; and therefore, the theoretical 235U amount was 
calculated based upon the assumed enrichment level of 3 wt%.  For this simulant, the lowest Gd:235U ratio 
was observed in the solid sample obtained when 150 mL of 50 wt% NaOH had been added.  In agreement 
with that, the highest Gd:235U ratio was observed in the filtrate from that same sampling point, indicating 
that a larger percentage of U than of the Gd had precipitated at that point during the neutralization.  The 
Gd:235U in the prepared simulant was 0.645 (target of 0.625).  Similar to the discussion of the neutralization 
of Simulant #1, all sampling points taken throughout the neutralization are well within the safety limits 
based on the NCSE.30  The Fe:239Pueq ratio was slightly below the target of 160 in the liquid phase at the 
first two sampling points.  For sampling points 3 – 5 the U concentration in the supernate was below the 
method detection limit.  As seen in Table 3-5, the Fe:239Pueq ratio remained above 160 in the solids obtained 
at each sampling point.  The highest Fe:239Pueq ratio was seen in the solids of sample 2, and correspondingly 
the lowest ratio was observed in the supernate from sample 2. 

Table 3-4.  Supernate Component Concentrations During Neutralization of Simulant #2 

Sample 1 2 3 4 (0.6 M OH-) 5 (1.2 M OH-) 
mL 50 wt% NaOH added 50 150 225 270 295.8a 

moles NaOH Added 0.947 2.84 4.26 5.11 5.60a 
Measured (Calculatedb) pH <1 (1.2) <2 (1.5) NM (12.8) NM (13.8) NM (14.1) 

Al g/Lc 13.9 10.6 4.88 6.96 7.98 
% Original 106% 93% 47% 71% 83% 

Fe g/Lc 72.5 47.8 0.147 0.0239 0.0196 
% Original 92% 70% 0.24% 0.041% 0.0343% 

Gd g/Lc 0.464 0.355 < 0.00304 < 0.00107 < 0.00107 
% Original 100% 88% < 0.83% < 0.31% < 0.32% 

U g/Lc 23.6 16.9 <0.106 < 0.0376 < 0.0376 
% Original 98% 81% < 0.56% < 0.21% < 0.21% 

Gd:235Ud 0.657 0.700 n/a n/a n/a 
Fe:239Pueqe 158 145 > 70.8 > 32.6 > 26.8 

a This is the equivalent amount that would have been added had the slurry not been split once reaching the 0.6 M free hydroxide 
endpoint.  The actual amount was less due the smaller actual volume adjusted to 1.2 M free hydroxide.  b OLI Studio 9.6 was 
used to calculate the pH at sampling points 1-3.  The calculated pH of points 4 and 5 is the calculated pH of 0.6 and 1.2 M 
hydroxide, respectively.  c The analytical uncertainty for the ICP-ES results is 10% at 2 sigma.  d Testing was performed with 
depleted U; however, this is the calculated Gd:235U ratio assuming an enrichment of 3%.  e Testing was performed with depleted 
U; however, this is the calculated Fe:239Pueq ratio assuming a U enrichment of 3% and using equation (1) to calculate the 239Pueq. 
NM = not measured. 
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Table 3-5.  Solid Component Concentrations During Neutralization of Simulant #2 

Sample 1 2 3 4 (0.6 M OH-) 5 (1.2 M OH-) 
mL 50 wt% NaOH added 50 150 225 270 295.8a 

moles NaOH Added 0.947 2.84 4.26 5.11 5.60a 
Al (g/L)b 4.52 3.53 1.43 1.69 1.58 
Fe (g/L)b 25.7 22.7 7.50 10.6 11.2 
Gd (g/L)b 0.145 0.0942 0.0447 0.0509 0.0557 
U (g/L)b 7.86 5.69 2.38 2.90 3.30 
Gd:235Uc 0.614 0.552 0.625 0.586 0.562 

Fe:239Pueqd 168 205 162 187 173 
a This is the equivalent amount that would have been added had the slurry not been split once reaching the 0.6 M free hydroxide 
endpoint.  The actual amount was less due the smaller actual volume adjusted to 1.2 M free hydroxide.  b Comparison of absolute 
concentrations between samples is not relevant due to different amounts of solids collected and different amounts of acid used 
to dissolve solids.  The analytical uncertainty for the ICP-ES results is 10% at 2 sigma.  c Testing was performed with depleted 
U; however, this is the calculated Gd:235U ratio assuming an enrichment of 3%.  d Testing was performed with depleted U; 
however, this is the calculated Fe:239Pueq ratio assuming a U enrichment of 3% and using equation (1) to calculate the 239Pueq. 

3.3 Physical Property Measurements 

3.3.1 As-Batched 
Triplicate samples of the slurry from each neutralization endpoint (0.6 M and 1.2 M free hydroxide) were 
collected for solids analysis after mixing well.  The total solids in the sample and soluble solids in the 
supernate were measured and used to calculate the insoluble solids present in the sample, using equation 
(3).  Triplicate density measurements of each slurry were made.  The %RSD is determined by calculating 
the standard deviation and dividing this value by the average.  A summary of the results is provided in 
Table 3-6.  Simulant #1 at the 0.6 M free OH- endpoint contained the largest fraction of insoluble solids.  
For each simulant, the wt%IS decreased with increasing hydroxide concentration, consistent with increased 
solubility of the aluminum at higher hydroxide concentration.  The densities of all the “as-batched” 
simulants exceeded the 1.35 g/mL limit.  

Table 3-6.  Weight Percent Solids Concentrations and Densities of Endpoint Simulants 

 wt% Total Solids wt % Soluble Solids wt% Insoluble Solids Density (g/mL) 
Average %RSDa Average %RSDa Average %RSDa Average %RSDa 

Simulant #1 
0.6 M OH- 41.6 0.44 35.0 0.40 10.2 0.90 1.377 0.12 

Simulant #1 
1.2 M OH- 43.1 0.91 37.1 0.24 9.64 5.65 1.385 0.05 

Simulant #2 
0.6 M OH- 41.6 0.30 34.8 3.74 9.02 7.52 1.368 0.21 

Simulant #2 
1.2 M OH- 41.3 1.03 36.6 0.65 7.45 12.6 1.373 0.40 

a Percent relative standard deviation from triplicate measurements.  
 
Particle size analysis was performed on a sample from each of the four endpoints.  The volumetric particle 
size distributions are shown in Figure 3-3 and Figure 3-4 and percentiles are summarized in Table 3-7.  The 
particle size distributions for Simulant #2 samples are narrower, containing no submicron size particles.  
Simulant #1 samples have a bimodal distribution.  The minimum particle size observed for the Simulant #2 
samples was 2.3 µm versus 0.49 µm for the Simulant #1 samples.  The maximum particle sizes observed 
for the Simulant #2 samples were 22.0 µm and 37 µm compared to 31.1 µm and 44.0 µm for the Simulant 
#1 0.6 M and 1.2 M free OH- endpoints, respectively.  These particle sizes are small enough that the Gd 
self-shielding should be minimized (general guideline is less than 100 µm to minimize self-shielding).31  
The Simulant #1 samples were observed to settle to a much more compact volume in comparison to the 
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Simulant #2 samples.  A photograph taken after several days of settling is shown in Figure 3-5.  The 
difference observed in the levels of settling could be due to the electrical double shell around the solids 
from the ionic fluid and/or the particle size distribution.  Settling rates were not measured; however, during 
the 1st rheological measurements (approximately 12 minutes), the 2nd aliquot of sample (awaiting 
measurement) was observed visually, and no clear liquid interface developed in these samples. 
 
 

 
Figure 3-3.  Volumetric Particle Size Distribution for Simulant #1 Endpoints. 
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Figure 3-4.  Volumetric Particle Size Distribution for Simulant #2 Endpoints. 

 

Table 3-7.  Particle Size Distribution Data for Simulants #1 and #2 Endpoints 

Volume 
Percentile 

Simulant #1 0.6 M 
OH (µm) 

Simulant #1 1.2 M 
OH (µm) 

Simulant #2 0.6 M 
OH (µm) 

Simulant #2 1.2 M 
OH (µm) 

10 1.024 1.381 4.49 5.02 
20 1.475 2.322 5.65 6.33 
30 2.075 3.94 6.78 7.57 
40 3.18 5.83 8.03 8.98 
50 4.95 7.98 9.44 10.73 
60 7.22 10.85 10.95 12.91 
70 10.08 14.50 12.45 15.36 
80 13.36 18.18 13.98 17.95 
90 16.89 22.30 15.83 21.04 
95 19.23 25.31 17.21 23.41 

Meana 7.15 10.23 9.84 12.07 
a Mean diameter of the volume distribution = 𝐷𝐷3/2 = ∑𝑣𝑣𝑣𝑣𝑣𝑣%𝑖𝑖∙𝐷𝐷𝑖𝑖

3

∑𝑣𝑣𝑣𝑣𝑣𝑣%𝑖𝑖∙𝐷𝐷𝑖𝑖
2. 

 

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

88
.0

00
74

.0
00

62
.2

30
52

.3
30

44
.0

00
37

.0
00

31
.1

10
26

.1
60

22
.0

00
18

.5
00

15
.5

60
13

.0
80

11
.0

00
9.

25
0

7.
77

8
6.

54
1

5.
50

0
4.

62
5

3.
88

9
3.

27
0

2.
75

0
2.

31
2

1.
94

5
1.

63
5

1.
37

5
1.

15
6

0.
97

2
0.

81
8

0.
68

8
0.

57
8

0.
48

6
0.

40
9

Vo
lu

m
e 

Pe
rc

en
t

Volumetric Particle Size - Microns

Simulant #2 0.6 M OH Particle Size Distribution Simulant #2 1.2 M OH Particle Size Distribution



SRNL-STI-2022-00114 
Revision 0 

 24 

 
Figure 3-5.  Photograph of bottles containing product from each neutralization.  From left to right: 
Simulant #1, 0.6 M OH-; Simulant #1, 1.2 M OH-; Simulant #2, 0.6 M OH-; Simulant #2, 1.2 M OH-. 

3.3.2 Targeted Densities Results 
The target density simulants for rheology were batched based on the volumes stated in Table 2-8.  These 
target density simulants were prepared, characterized for rheology using the VT550, and finally the density 
was measured.  To determine the wt%TS and wt%IS (total, Na2U2O7, and Gd(OH)3) in the target density 
simulants, the densities of the 0.6 M and 1.2 M NaOH solutions and their corresponding wt%TS were used 
(Table 3-8) with the measured target density of each simulant, the volumes stated in Table 2-8, and the use 
of equations (6) and (7).  Each flow curve was fitted with the Bingham Plastic model between a shear rate 
of 100 to 600 sec-1 for both the up and down curves.  Additionally, the viscosity at 600 sec-1 was averaged.  
The data for Simulant #1 is provided in Table 3-9.  For Simulant #2, Table 3-10 and Table 3-11 are provided 
for the 0.6 M and 1.2 M target density samples, respectively.  The flow curve shows that the up curves have 
a slightly larger yield stress and slightly lower plastic viscosity as compared to the down curve.  This is due 
to inertia effects of accelerating (up curve) and decelerating (down curve) of the MV1 rotor.  For Simulant 
#1, the viscosity at 600 sec-1 is within 21% of the corresponding plastic viscosity, indicating the yield stress 
is not a large contributor.   This is not the case for Simulant #2, where the viscosity is 20 to 60% greater 
than the plastic viscosity and increases as the sample density increases, in this case the yield stress is a 
factor. 

 
Table 3-8.  Density and Weight Percent Total Solids of Diluents 

Molarity Density (g/mL) wt%TS 
0.6 1.025 3.10 
1.2 1.050 5.37 
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Table 3-9.  Density, Wt%TS, Wt%IS, and Rheology Results for Simulant #1 Target Density Samples 

Properties 0.6 M OH 1.2 M OH 

Density 
(g/mL) 

Target 1.35 1.33 1.31 1.27 1.35 1.33 1.31 1.27 
Measured 1.355 1.336 1.317 1.279 1.354 1.331 1.317 1.278 
% RSD 0.09 0.09 0.09 0.05 0.12 0.08 0.01 0.02 

Solids 

wt%TS 39.2 37.5 35.7 31.9 40.0 38.2 36.2 32.3 
wt%IS 9.53 9.07 8.61 7.61 8.85 8.37 7.88 6.87 

wt% Na2U2O7  4.72 4.49 4.26 3.77 4.08 3.86 3.63 3.16 

wt% Gd(OH)3  0.09 0.08 0.08 0.07 0.08 0.07 0.07 0.06 

B
in

gh
am

 P
la

st
ic

  

U
p 

cu
rv

e τo (Pa) 0.41 0.38 0.34 0.29 0.36 0.31 0.28 0.25 
%RSD 0.70 14 1.4 3.0 19 12 17 18 
𝜇𝜇∞ (cP) 4.3 3.8 3.5 3.0 4.5 3.9 3.7 3.1 
% RSD 4.1 3.9 0.61 0.71 0.71 2.0 3.6 0.93 

D
ow

n 
cu

rv
e 𝜏𝜏𝑜𝑜 (Pa) 0.22 0.23 0.18 0.14 0.25 0.12 0.18 0.085 

%RSD 3.2 5.5 14 18 28 40 63 105 
𝜇𝜇∞ (cP) 4.5 3.8 3.6 3.1 4.5 4.1 3.7 3.1 
% RSD 3.6 1.2 1.4 1.6 0.44 2.1 1.7 2.3 

Newtonian at 
600s-1 

Visc (cP) 4.9 4.3 3.9 3.6 5.0 4.4 3.9 3.6 
% RSD 2.9 2.9 0.49 1.3 2.7 0.89 4.0 3.1 
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Table 3-10.  Density, Wt%TS, Wt%IS, and Rheology Results for Simulant #2, 0.6 M Target Density 
Samples  

Properties 0.6 M OH 

Density 
(g/mL) 

Target 1.35 1.33 1.31 1.29 1.25 1.21 
Measured 1.353 1.328 1.309 1.289 1.258 1.220 
% RSD 0.29 0.38 0.34 0.10 0.28 0.22 

Solids 

wt%TS 40.0 38.4 36.6 34.7 30.6 27.7 
wt%IS 8.65 8.27 7.83 7.39 6.44 5.46 

wt% Na2U2O7  1.75 1.67 1.58 1.50 1.30 1.10 

wt% Gd(OH)3  0.05 0.05 0.05 0.05 0.04 0.03 

B
in

gh
am

 P
la

st
ic

  

U
p 

cu
rv

e 𝜏𝜏𝑜𝑜 (Pa) 3.6 3.0 2.2 1.8 0.90 0.59 
%RSD 2.5 7.1 3.3 4.7 25 0.52 
𝜇𝜇∞ (cP) 9.8 8.3 6.4 5.4 4.1 3.1 
% RSD 3.6 2.5 0.0 1.4 1.9 0.92 

D
ow

n 
cu

rv
e 𝜏𝜏𝑜𝑜 (Pa) 3.0 2.4 1.6 1.5 0.73 0.26 

%RSD 6.6 4.1 3.8 4.5 1.8 2.5 
𝜇𝜇∞ (cP) 10 8.9 7.0 5.8 4.4 3.4 
% RSD 2.1 0.40 0.30 1.8 1.4 0.83 

Newtonian 
at 600s-1 

Visc (cP) 16 13 9.9 8.3 5.7 3.9 
% RSD 0.30 1.7 0.67 2.2 0.58 0.30 
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Table 3-11.  Density, Wt%TS, Wt%IS, and Rheology Results for Simulant #2, 1.2 M Target Density 
Samples  

Properties 1.2 M OH 

Density 
(g/mL) 

Target 1.35 1.33 1.31 1.29 1.25 1.21 
Measured 1.354 1.333 1.310 1.289 1.257 1.223 
% RSD 0.31 0.29 0.38 0.39 0.20 0.10 

Solids 

wt%TS 39.2 37.4 35.6 33.8 29.6 26.9 
wt%IS 7.02 6.65 6.28 5.90 5.04 4.15 

wt% Na2U2O7  1.52 1.44 1.36 1.28 1.09 0.90 

wt% Gd(OH)3  0.05 0.04 0.04 0.04 0.03 0.03 

B
in

gh
am

 P
la

st
ic

  

U
p 

cu
rv

e 𝜏𝜏𝑜𝑜 (Pa) 2.1 1.8 1.5 1.2 0.75 0.44 
%RSD 2.7 5.9 8.1 -a 2.5 3.9 
𝜇𝜇∞ (cP) 9.4 7.8 6.2 5.2 4.0 3.2 
% RSD 2.0 0.91 4.4 -a 0.88 1.1 

D
ow

n 
cu

rv
e 𝜏𝜏𝑜𝑜 (Pa) 1.6 1.4 1.1 0.90 0.45 0.22 

%RSD 1.9 9.4 4.0 -a 4.7 9.0 
𝜇𝜇∞ (cP) 9.9 8.2 6.7 5.6 4.3 3.3 
% RSD 3.2 2.1 1.2 -a 1.8 1.5 

Newtonian 
at 600s-1 

Visc (cP) 13 11 8.6 7.1 5.2 3.8 
% RSD 1.4 1.2 0.51 -a 1.3 0.0 

a 2nd flow curve was not zeroed, one data set reported 

3.4 Flow Calculations 
Flow calculations were performed for lines 1100 and 1102, though the discussions are focused on 1100.   
Pipe roughness of 0.00015 ft (clean), 0.00125 ft (light rust), and 0.00667 ft (general rust) were analyzed for 
a majority when assessed as a Newtonian fluid.  The expected flow of the steam jets to the 10-inch header 
is 75 gpm.32 
 
The flowrate results for Simulant #1 are provided in Table 3-12.   Below is a summary of the results for 
line 1100. 

• For the range of target densities 1.27 to 1.35 g/mL, 
o Non-Newtonian flowrate ranged between 98 to 102 gpm. 
o Pipe roughness 0.00015 ft, flowrate ranged between 87 to 89 gpm 
o Pipe roughness 0.00125 ft, flowrate ranged between 76 to 77 gpm  
o Pipe roughness 0.00667 ft, flowrate was approximately 59 gpm 

• Flow is turbulent for all cases. 
• In many cases the pipe will be partially full given the capacity is greater than the feed rate. 
• Header will start backing up when pipe roughness is greater than 0.00125 ft. 
• The facility can process Simulant #1 to the 10” header for any density below 1.35 g/mL.  
• To minimize unnecessary fluid addition, target 1.35 g/mL. 

 
For Simulant #2, the flowrates for the 0.6 M are provided in Table 3-13 and the 1.2 M in Table 3-14.  
Below is a summary of the results for line 1100. 

• 0.6 M (Table 3-13) 
o For the range of target densities 1.21 to 1.35 g/mL 
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 Non-Newtonian flowrate ranged between 80 to 101 gpm 
 Pipe roughness 0.00015 ft, flowrate ranged between 75 to 88 gpm 
 Pipe roughness 0.00125 ft, flowrate ranged between 69 to 76 gpm  
 Pipe roughness 0.00667 ft, flowrate was approximately 57 to 60 gpm 

o Densities 1.25 and 1.21 g/mL similar flowrate to Simulant #1 
 Non-Newtonian; 99 to 101 gpm. 
 0.00015 ft roughness; 85 to 88 gpm  
 0.00125 ft roughness; 74 to 76 gpm 

o Non-Newtonian case for 1.35 and 1.33 g/mL indicate condition of flow to be slightly 
greater than laminar.  For lower densities, the impact of roughness and turbulence is 
unknown to properly assess pressure drop.  

o When analyzed as a Newtonian fluid, for clean pipe, all conditions are acceptable for 
processing.  When the pipe roughness is 0.00125 ft, densities greater than 1.21 g/mL 
indicate the fluid will start backing into the header.  For pipe roughness of 0.00667 inches, 
the header will backup for all cases.  

• 1.2 M (Table 3-14) 
o For the range of target densities 1.21 to 1.35 g/mL 

 Non-Newtonian flowrate ranged between 92 to 101 gpm 
 Pipe roughness 0.00015 ft, flowrate ranged between 77 to 88 gpm 
 Pipe roughness 0.00125 ft, flowrate ranged between 70 to 76 gpm  
 Pipe roughness 0.00667 ft, flowrate was approximately 58 to 60 gpm 

o Densities 1.25 and 1.21 g/mL similar flowrate to Simulant #1 
 Non-Newtonian; 98 to 101 gpm. 
 0.00015 ft roughness; 86 to 88 gpm  
 0.00125 ft roughness; 75 to 76 gpm 

o Non-Newtonian case for 1.35 g/mL indicate condition of flow to be slightly greater than 
laminar.  For lower densities, the impact of roughness and turbulence is unknown to 
properly assess pressure drop. 

o When analyzed as a Newtonian fluid, for clean pipe, all conditions are acceptable for 
processing.  When the pipe roughness is 0.00125 ft, densities greater than 1.25 g/mL 
indicate the fluid will start backing into the header.  For pipe roughness of 0.00667 inches, 
the header will backup for all cases.  

• For the Newtonian analysis, all measured densities can be processed for clean pipe.  As the pipe 
roughness increased to 0.00125 feet, only the 1.21 g/mL for the 0.6 M and 1.25 g/mL or less for 
1.2 M slurries can be process without having the header back up.  For larger pipe roughness, expect 
the header to back up.  Reference 15 provides a method to estimate how much volume could backup 
during a transfer.  The bubbler system in the 10” header can be assessed for this problem.   

• If treated as non-Newtonian fluids, recommend processing fluids 0.6 M at 1.33 g/mL or greater and 
1.2 M at 1.35 g/mL, given these conditions are near laminar flow conditions.  At lower densities, 
the flow may be turbulent where the pressure losses would be greater and the impact of roughness 
must be considered, such is not captured in the non-Newtonian analysis.  

 
Flushing using water (or slightly acidic solution) at a flowrate of 75 gpm or greater after the slurry transfer 
is completed is recommended. 
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Table 3-12. Flowrates for Simulant #1 

Properties  0.6 M OH- 1.2 M OH- 
Density 
(g/mL) 

Target 1.35 1.33 1.31 1.27 1.35 1.33 1.31 1.27 
Measured 1.355 1.336 1.317 1.279 1.354 1.331 1.317 1.278 

B
in

gh
am

 P
la

st
ic

 U
p 

C
ur

ve
 

τo (Pa) 0.41 0.38 0.34 0.29 0.36 0.31 0.28 0.25 
μ∞ (cP) 4.3 3.8 3.5 3.0 4.5 3.9 3.7 3.1 
NReB,C 8304 8909 9062 9391 7738 8097 8053 8740 

Line 1100 
Q (gpm) 99.4 100.3 100.7 101.5 99.4 100.1 100.5 101.5 

NReB 31727 36449 39054 44205 30468 34841 36506 43499 

Line 1102 
Q (gpm) 89.0 89.7 90.2 90.9 88.9 89.6 90.0 90.9 

NReB 28399 32632 34970 39592 27272 31193 32688 38962 

N
ew

to
ni

an
 

μ6001s
 (cP) 4.9 4.3 3.9 3.6 5.0 4.4 3.9 3.6 

Roughness (ft) Line Q (gpm) 

0.00015 
1100 86.8 88.0 88.6 89.0 86.6 87.7 88.6 89.0 
1102 77.4 78.5 79.0 79.5 77.2 78.3 79.1 79.5 

0.00125 
1100 75.9 76.4 76.6 76.8 75.9 76.3 76.7 76.8 
1102 68.1 68.6 68.8 69.0 68.1 68.5 68.8 69.0 

0.00667 1100 59.4 59.6 59.6 59.6 59.4 59.5 59.6 59.6 
 

Table 3-13. Flowrates for Simulant #2, 0.6 M OH 

Properties  0.6 M OH- 
Density 
(g/mL) 

Target 1.35 1.33 1.31 1.29 1.25 1.21 
Measured 1.353 1.328 1.309 1.289 1.258 1.220 

B
in

gh
am

 P
la

st
ic

 U
p 

C
ur

ve
 

τo (Pa) 3.61 2.97 2.16 1.83 0.90 0.59 
μ∞ (cP) 9.8 8.3 6.4 5.4 4.1 3.1 
NReB,C 10073 10532 11211 11875 11332 11646 

Line 1100 
Q (gpm) 79.5 88.0 93.4 95.3 99.0 100.8 

NReB 11039 14347 19411 23198 32471 40975 

Line 1102 
Q (gpm) 36.3 70.5 81.8 84.2 88.5 90.2 

NReB 4719 11344 16979 20484 29014 36663 

N
ew

to
ni

an
 

μ6001s
 (cP) 15.6 13.0 9.9 8.3 5.7 3.9 

Roughness (ft) Line Q (gpm) 

0.00015 
1100 74.7 76.5 79.3 80.9 84.6 87.9 
1102 65.8 67.5 70.0 71.5 74.8 77.9 

0.00125 
1100 69.0 70.2 71.8 72.7 74.5 75.9 
1102 62.0 63.1 64.7 65.5 67.2 68.6 

0.00667 1100 57.4 57.9 58.4 58.7 59.2 59.5 
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Table 3-14. Flowrates for Simulant #2, 1.2 M OH 

Properties  1.2 M OH- 
Density 
(g/mL) 

Target 1.35 1.33 1.31 1.29 1.25 1.21 
Measured 1.354 1.333 1.310 1.289 1.257 1.223 

B
in

gh
am

 P
la

st
ic

 U
p 

C
ur

ve
 

τo (Pa) 2.07 1.80 1.46 1.24 0.75 0.44 
μ∞ (cP) 9.4 7.8 6.2 5.2 4.0 3.2 
NReB,C 8550 9274 9988 10616 10643 10325 

Line 1100 
Q (gpm) 91.7 92.7 94.7 96.1 98.3 100.7 

NReB 13464 16436 20525 24394 31797 39816 

Line 1102 
Q (gpm) 80.6 82.7 84.8 86.2 88.5 90.2 

NReB 11824 14547 18258 21742 28430 35643 

N
ew

to
ni

an
 

μ6001s
 (cP) 12.7 10.7 8.6 7.1 5.2 3.8 

Roughness (ft) Line Q (gpm) 

0.00015 
1100 76.9 78.7 80.8 82.6 85.5 88.2 
1102 67.9 69.5 71.4 73.0 75.7 78.1 

0.00125 
1100 70.4 71.5 72.6 73.6 74.9 76.0 
1102 63.4 64.3 65.5 66.4 67.6 68.7 

0.00667 1100 57.9 58.3 58.7 58.9 59.3 59.6 

3.5 Critical Velocity 
Critical velocities were calculated for all Simulant #1 densities and for Simulant #2, the 1.25 and 1.21 g/mL 
densities given these conditions can be treated as Newtonian fluids.  Table 3-15 contains the wt. % and 
vol. % Na2U2O7 and the critical velocities for full pipe conditions.  The Poloski correlation provides the 
lowest critical velocity for all conditions.  The 30% margin applied to the Wilson and Judge prediction for 
Simulant #1 shows that for the average pipe velocity (3.25 ft/s), it is sufficient to maintain the solids 
suspended for all conditions.  This is not the case for Simulant #2, for the 1.21 g/mL 0.6 M condition, the 
30% margin exceeded the average velocity.  For Simulant #2, 1.2 M, the 30% margin was exceeded.   
 
For the partial flow calculations, only the extreme density conditions were analyzed for both Simulant #1 
and #2, given they bound the results as was shown in Table 3-15.  The slope required to maintain 75 gpm 
is also provided in Table 3-16, which is greater than most of the piping as discussed in section 2.7, indicating 
most of the piping is under full flow conditions.  In section 3.4, the calculations showed there is excess 
capacity in line 1100, such that the available hydraulic head can easily handle 75 gpm and is supported by 
the required slope for 75 gpm in Table 3-16, which are all smaller than the average slope.  For the average 
slope condition, the pipe is not full, resulting in an average velocity in excess of 4 ft/sec with a slight 
increase in the critical velocity due to the hydraulic radius being slightly larger.  For such conditions, the 
average velocity is greater than the critical velocity for all conditions, unlike the full pipe condition.  Sloped 
lines would further mitigate solids settle to the bottom of the pipe.        
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Table 3-15. Critical Velocity for Full Pipe Conditions 

Average Velocity full pipe 3.25 ft/s 
Critical Velocity (ft/s) 

Sim# Free OH- 
Molar 

Density 
(g/mL) 

Na2U2O7 

wt. % vol. % Poloski Wilson & 
Judge 

Max 30% 
margin 

1 

0.6 

1.35 4.72 0.97 1.30 2.25 2.93 
1.33 4.49 0.91 1.36 2.27 2.95 
1.31 4.26 0.85 1.42 2.29 2.98 
1.27 3.77 0.73 1.47 2.33 3.03 

1.2 

1.35 4.08 0.84 1.30 2.25 2.93 
1.33 3.86 0.78 1.36 2.28 2.96 
1.31 3.63 0.73 1.42 2.29 2.98 
1.27 3.16 0.62 1.54 2.33 3.04 

2 
0.6 

1.25 1.30 0.25 1.48 2.36 3.07 
1.21 1.10 0.21 1.68 3.00 3.90 

1.2 
1.25 1.09 0.21 1.52 2.65 3.45 
1.21 0.90 0.17 1.69 3.00 3.90 

 

Table 3-16. Slope for 75 gpm and Average Pipeline and Critical Velocities for Average Slope 

Sim# 
Free 
OH- 

Molar 

Density 
(g/mL) 

Full Pipe 
Slope for 
75 gpm 

ftvert/fthori 

Average Slope = 0.02232 ftvertical/fthorizontal 
Average 
Pipeline 

Velocity (ft/s) 

Critical Velocity (ft/s) 

Poloski Wilson & 
Judge 

Max 30% 
margin 

1 
0.6 M 

1.35 0.0172 4.22 1.42 2.46 3.20 
1.27 0.0164 4.31 1.46 2.54 3.31 

1.2 M 
1.35 0.0173 4.22 1.42 2.46 3.20 
1.27 0.0164 4.31 1.61 2.55 3.31 

2 
0.6M 

1.25 0.0181 4.14 1.62 2.58 3.36 
1.21 0.0168 4.27 1.84 3.28 4.26 

1.2M 
1.25 0.0177 4.17 1.66 2.91 3.78 
1.21 0.0167 4.28 1.85 3.27 4.25 

 
Based on the critical velocity calculations, any Simulant #1 condition can be processed.  As for Simulant 
#2, the 1.25 g/mL can be processed, whereas the 1.21 case indicates settling could occur.    
  

3.6 Literature Review and Modeling Regarding Formation of Aluminosilicates 

3.6.1 Literature Review 
The formation of sodium aluminosilicate scale has long been recognized as an industrial-scale problem for 
the recovery cycle of Kraft pulp mills and during the Bayer process for aluminum production.33 The scale 
is glossy and hard to remove once formed and may lower the efficiency of heat exchangers and the 
evaporation capacity of pulp mills. The scale formation becomes more severe in closed-cycle plant 
operation because the effluent is recycled, and the aluminum and silicon ion concentrations increase rapidly. 
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The Bayer process has been used to produce gibbsite from bauxite for over one hundred years. The 
aluminum-containing minerals in the bauxite ore are dissolved in hot sodium hydroxide solution as are 
quartz and kaolin, the two major silica contaminants. The dissolved silica precipitates as sodium 
aluminosilicate scale throughout alumina plants. The exact nature of the scale depends on the conditions of 
formation. The formation process can be written as equation (30):34 
 

6SiO3
2− + 6Al(OH)4− + 6Na+ + 2NaX → Na8[AlSiO4]6X2 ∙ nH2O(s) + (6 − n)H2O + 12OH− 

 Sodium aluminosilicate scale 
(cancrinite or sodalite)      

(30) 

 

where X can be 
- -2 2 - -

3 4
1 1CO , SO , Cl , and OH
2 2

. 

 
Many investigations have been performed to evaluate the mechanisms for aluminosilicate formation and to 
identify means by which the formation process can be slowed or stopped. Gallop characterized naturally 
occurring aluminum-rich amorphous silica scales from geothermal brines to understand the formation 
mechanisms, and to investigate methods to inhibit their deposition.35 Scale deposits examined in this study 
were formed by tetrahedrally-coordinated aluminum substitution within an amorphous silica framework. 
There was no evidence that aluminum in these scales derived from distinct aluminum minerals, such as 
gibbsite, or from aluminum silicate minerals transported in brine from the reservoir. The formation of 
aluminum-rich amorphous silica scale was dependent on brine pH, temperature, and aluminum 
concentration. Amorphous aluminum-rich silica was identified as a primary scale constituent deposited 
from certain geothermal brines. The scale was a non-stoichiometric compound exhibiting an empirical 
formula approaching A12O3·(10-20)SiO2, and consisted of aluminum incorporated in an amorphous silica 
matrix. 
 
The effects of sodium carbonate concentration on both silica solubility and the crystallization of sodium 
aluminosilicates was investigated by Zheng et al. Isothermal batch precipitation experiments were 
performed using surrogate solutions based on the Bayer process to study this effect. At both 90 and 160 °C, 
cancrinite is the stable solid phase. Sodalite seed crystals transformed to cancrinite at both of these 
temperatures. A high concentration of sodium carbonate in the synthetic solutions caused a decrease in the 
rate of conversion of sodalite to cancrinite.34 
 
Thermodynamic models have also been developed to calculate the solubility of aluminosilicates in aqueous 
alkaline solutions. Park and Englezos33 developed a model which did not depend on parameters correlated 
from precipitation data in order to account for the effect of various ions on the aluminosilicate formation. 
The effects of OH-, CO3

2-, SO4
2-, Cl-, and HS- were considered using Pitzer’s method to calculate activity 

coefficients. All parameters needed by the model were obtained from independent experimental data or 
available property estimation methods. The model calculated the molality of all species at equilibrium 
including the quantity of solid precipitates. The results were found to be sensitive to the value of the 
equilibrium constant for hydroxysodalite dihydrate formation and was generally in good agreement with 
experimental values. 
 
The formation of aluminosilicate scale has also been identified as an issue with the liquid waste processing 
activities at the Savannah River Site (SRS). Aluminosilicate scale was observed in the 2H Evaporator in 
1996 shortly after the startup of the Defense Waste Processing Facility (DWPF). The evaporator deposits 
resided on the evaporator wall and other exposed internal surfaces within the evaporator pot. Two solid 
nitrated aluminosilicate phases were identified which are known as (nitrated) cancrinite and sodalite. Both 
high-level liquid wastes (HLW) containing high concentrations of aluminum from the H-Canyon facility 
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and recycle water from the DWPF containing high concentrations of silicon were combined and evaporated 
to minimize the volume of space required for HLW storage. The crystallization of aluminosilicate scale 
(e.g., cancrinite and sodalite) in the evaporator that contained close to 10 wt% of enriched uranium 
ultimately led to the shutdown of the evaporator in October 1999. The scale was very similar to that 
observed in the aluminum and pulp and paper industries. Since the formation of solids in the evaporator 
resulted in the accumulation of fissile material, the scale deposition introduced criticality as well as 
operational concerns.36,37,38,39,40,41 To understand the mechanisms associated with the formation of the 
aluminosilicate scale and to identify methods to reduce or eliminate its formation, a number of research 
studies were performed at the Savannah River Technology Center (SRTC) and by other research 
organizations. 
 
Although the chemistry of the aluminosilicate scale formation in the 2H Evaporator was established, the 
mechanism(s) for deposition were not initially well understood. To address the scale formation, experiments 
were performed to determine if chemical agents could prevent the aluminosilicate formation. 42  The 
materials tested included: (1) divalent cations (Mg2+ or Ca2+), (2) KBF4 and fluoride, (3) 
ethylenediaminetetraacetic acid and derivatives, (4) Geosperse C-44 (crystal growth inhibitor), (5) Bis-Tris 
(buffering agent), and (6) LUDOX® inhibitor in Dowsil™. Results from these experiments indicated that 
the materials tested were not effective at limiting the formation of the thermodynamically stable 
aluminosilicates. Research in collaboration with the UNOCAL Corporation did show some reduction in the 
amount of aluminosilicate precipitation with three candidate materials (Geosperse C-44, Geogard, and 
Cridos 93P10); although, the inhibitors were not considered very effective in preventing precipitation. 
 
The chemistry, crystallization, physicochemical properties, and behavior of sodium aluminosilicate solid 
phases were investigated through a collaborative partnership between the SRTC and the University of South 
Australia.43 During this work, four sodium aluminosilicate precipitation products were synthesized which 
included: (1) an X-ray diffraction amorphous phase, (2) crystalline zeolite A, (3) NO2/NO3-rich crystalline 
sodalite, and (4) NO2/NO3-rich crystalline cancrinite. The characterization of the physicochemical 
properties for the four phases was performed under conditions simulating SRS liquid waste processing. 
Over a relatively short time frame, the rapidly occurring kinetic processes were found to dominate the 
crystallization behavior more strongly than the thermodynamics; however, over a long time period, the 
entire process behavior was governed by thermodynamics. Phase transformations involving amorphous, 
zeolite A, sodalite and cancrinite particles occurred by solution-mediated dissolution of the less stable phase 
and subsequent recrystallization of the more stable phase at different rates, all of which increase rapidly 
with increasing temperature. The equilibrium solubility of sodium aluminosilicate phases was highly 
dependent on the solid phase type, temperature, and the solution hydroxide, aluminum, nitrate and nitrite 
concentrations. The equilibrium solubility of all sodium aluminosilicate solid phases increased nonlinearly 
with increasing temperature and hydroxide concentration but decreased significantly with increasing 
aluminum concentration. The fouling of stainless-steel substrates using both unseeded and seeded systems 
was investigated. Seeding the solution (by adding sodium aluminosilicate crystals) tended to reduce the 
fouling as the rapidly growing crystals reduced the degree of supersaturation; although, fouling was 
observed in solutions with a low degree of supersaturation. The authors concluded that the fouling of the 
SRS 2H evaporator appeared to involve several parallel processes including initiation of sodium 
aluminosilicate nucleation, particle/crystal growth, transport of solution species and particles (bulk solution 
nuclei), particle attachment and removal, and scale layer growth. 
 
To address the issue of the incorporation of uranium in the aluminosilicate scale which accumulated in the 
2H evaporator, several studies were performed to determine possible causes. Batch experiments were 
conducted at Oak Ridge National Laboratory (ORNL)37 in which simulated solutions were prepared and 
contacted with: (1) uranium solutions/precipitate slurries with sodium aluminosilicates on stainless steel 
surfaces, (2) uranium solutions with sodium aluminosilicate particles, and (3) precipitated uranium-
containing particles with solutions containing aluminum and silicon. Results from these experiments 
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showed that uranium can be incorporated in sodium aluminosilicate solids through encapsulation in bulk 
agglomerated sodium aluminosilicate particles of different phases (amorphous, zeolite A, sodalite, and 
cancrinite) as well as through heterogeneous deposition on the surfaces of sodium aluminosilicate coatings 
(amorphous and cancrinite) grown on stainless steel. The results also indicated that sodium aluminosilicate 
particles can grow on the surfaces of precipitated uranium solids. Particularly notable for evaporator 
operations was the finding that uranium solids can form on existing sodium aluminosilicate scale, including 
cancrinite solids. If sodium aluminosilicate scale is present, and uranium is in sufficient concentration in 
solution to precipitate, a portion of the uranium can be expected to become associated with the scale. Under 
conditions of uranium compound precipitation in bulk solution, in the absence of sodium aluminosilicate, 
uranium phase precipitation did not occur on bare stainless-steel surfaces. The precipitation tests 
demonstrated that the mechanisms of uranium incorporation in the sodium aluminosilicate scale in the 2H 
evaporator could be either uranium–sodium aluminosilicate particle aggregation and encapsulation or 
surface growth/deposition of uranium on sodium aluminosilicate and/or surface growth/deposition of 
sodium aluminosilicate on uranium solid surfaces. 
 
A research study was also performed to improve the fundamental understanding of the mechanisms of 
uranium accumulation with sodium aluminosilicates in evaporators and in other SRS process areas that may 
concentrate uranium in the presence of silicates.38,40 The primary objective of this work was the use of X-ray 
absorption fine structure (XAFS) to obtain information on uranium speciation associated with sodium 
aluminosilicate solids that were synthesized with dissolved uranium. Results from these studies showed 
that the uranium uptake from solution was greater during the precipitation of sodalite and amorphous zeolite 
precursor material (i.e., reactive oxides, soluble silicates, and soluble aluminates in caustic solution which 
can combine to form a sodium aluminosilicate hydrogel at ambient temperature) than during the 
precipitation of zeolite A and amorphous zeolite. Mass balances for uranium in these materials indicate that 
during formation, the incorporation of uranium within these structures is not a likely mechanism for 
accumulation. However, uptake of uranium was greatest during the precipitation of amorphous zeolite 
precursor material. Additionally, removal of uranium from solution by surface sorption on the sodium 
aluminosilicate solids (a process which could have occurred after these solids were formed) probably had 
a minor role with respect to uranium accumulation in the 2H Evaporator. Processes most likely to have a 
large influence on uranium accumulation were uranium (VI) precipitation (as uranyl/uranate 
oxide/oxyhydroxides) and formation of an amorphous uranium-silica material. 
 
In a second study, batch experiments were performed to evaluate incorporation of uranium into 
aluminosilicate structures during synthesis.39 These experiments were designed to provide insight into the 
possibility of physically or chemically trapping uranium as solids in sodium aluminosilicate structures 
during synthesis in a supersaturated and highly caustic environment. However, conditions that favor the 
precipitation of aluminosilicates also promote the precipitation of uranium solids, so it was difficult to 
attribute problems with uranium accumulation to only the formation of the aluminosilicates. Infrared 
spectra of the precipitants showed that sodium uranates, uranium silicates, and other uranium solids were 
formed during the synthesis of sodium aluminate structures in the presence of uranium. Both amorphous 
and sodalite aluminosilicate phases, unlike the zeolite A phase, showed an appreciable affinity for uranium 
incorporation during their formation. 
 
Thermodynamic models were developed for use as tools in predicting the formation of aluminosilicates in 
SRS evaporators and related tank waste (i.e., receipt tanks for the evaporators). A thermodynamic 
equilibrium model was developed at ORNL based on the code SOLGASMIX.44 This thermodynamic model 
uses the Pitzer method to calculate activity coefficients, and many of the required Pitzer parameters were 
determined in the course of this work. The model simulated the phase equilibrium of SRS waste within the 
temperature range of 25-125 °C. The model was validated by comparing calculated solubilities to 
experimental data throughout this temperature range. The SOLGASMIX model was used to predict 
precipitations in SRS waste simulants at 25, 55, and 80 °C. The predictions were consistent with 
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measurements, although the calculated solubilities were slightly higher than the data. Predictions of 
aluminosilicate solubilities in NaNO3-NaNO2-NaOH solutions were consistent with kinetic data trends at 
80 and 120 °C. The code calculations reflected decreasing aluminosilicate solubility with increasing 
temperature, consistent with all the data. Calculations performed using the GWB code were compared to 
the SOLGASMIX results and experimental solubilities. In some cases, the GWB results made poor 
predictions, due largely to the inadequacy of the B·dot model for activity coefficients. 
 
Jantzen et al.36 also performed extensive analysis and modeling of the formation of aluminosilicates in the 
2H evaporator. Analysis of the deposits indicated that amorphous aluminate phase may be involved in 
causing the deposits to form and adhere to the evaporator wall. A possible mechanism for the evaporator 
scale formation was suggested based on the discovery of crystalline Al(OH)3 adhering to the walls of (304-
L stainless steel) waste tanks in the SRS M-Area. Reactive oxides, soluble silicates, and soluble aluminates 
in caustic solution can combine to form a sodium aluminosilicate hydrogel at ambient temperature when 
the solution stoichiometry of constituent aluminate and silicate species is approximately 1:1. The hydrogel 
converts to zeolite A under hydrothermal conditions at elevated temperature like conditions that exist in 
SRS evaporators. Nitrated-cancrinite/sodalite scale subsequently forms from the zeolite A. The sequential 
transformations of the sodium aluminosilicate hydrogel to the cancrinite/sodalite scale are densification 
(aging) transformations that require the saturation of the solution with respect to the hydrogel phase. 
 
Modeling of the SRS evaporator feed and drop tank chemistries was performed using a commercially 
available software package, GWB. The GWB thermodynamic database is maintained by Lawrence 
Livermore National Laboratory. The database contains many radioactive and some metastable phases such 
as hydrogels, (e.g., precipitated Fe(OH)3) which are pertinent to the relatively short kinetic regimes during 
which the evaporator deposits form. The database was augmented with: (1) solubility data for NaAlO4, 
Al(OH)3, AlOOH developed at Hanford, (2) zeolite A and a sodium aluminosilicate gel (NASgel) known to 
form in evaporators used for processing aluminum ore using the Bayer aluminum refining process, (3) 
“mixed zeolite” (a partially crystallized mixture of NASgel + zeolite A + cancrinite formed in evaporators 
used to process pulp and paper using the Kraft process, (4) hydroxysodalite data generated in support of the 
Kraft pulp and paper process, and (5) NaNO3. The solubility of these phases as a function of temperature 
was entered into the database at a reference 8.5 molal sodium concentration pertinent to the evaporator 
solutions.36 The calculational results from GWB were subsequently validated based on experimental work 
performed at the Pacific Northwest and Oak Ridge National Laboratories showing that GWB was an 
appropriate tool for use in SRS evaporator modeling and control.45 
 
Jantzen et al.36 explained the operational history of the 2H evaporator in terms of four different time 
populations based on operational records of the mass of silicon and aluminum sent to Tank 43H (i.e., the 
2H Evaporator feed tank) from DWPF and H-Canyon: 
 
• High silicon, low aluminum processing characterized by frequent large DWPF Slurry Mix Evaporator 

(SME) carryovers enriched in silicon-containing frit (January 1996-June 1997), 
• Moderate silicon, low aluminum processing characterized by few SME carryovers, some without frit 

and little aluminum from H-Canyon (August 1997-March 1998), 
• Moderate silicon, moderate aluminum processing characterized by few SME carryovers, some 

without frit and little aluminum from H-Canyon (April 1998-December 1998), 
• High aluminum, moderate silicon processing characterized by no SME carryovers and high aluminum 

from H-Canyon (December 1998-October 1999). 
 
The initial fouling of the 2H Evaporator with aluminosilicates was observed during a time when high silicon 
and low aluminum were processed. At this time, the feed location in Tank 43H was in close proximity to a 
zone (i.e., layer) in the tank enriched in silicon, iron, and uranium that exists above the sludge and the 
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DWPF recycle stream was overly enriched in silica due to uncontrolled SME carryovers which contained 
>50 wt% silica in the form of glass forming frit. The GWB modeling indicated that the evaporator feed was 
saturated with respect to the NASgel phase and Na2U2O7. In addition, zeolite seed material was fed to the 
evaporator prior to the SME carryovers in the form of silica-rich residues from a large-scale High Efficiency 
Mist Eliminator (HEME)/High Efficiency Particulate Air (HEPA) filter dissolution demonstration at 
DWPF. As a result of these operations, the 2H Evaporator was fed high silicon-containing solutions that 
had zeolite seed crystals present to initiate fouling and scale deposition.36 
 
Acceptable operation of the 2H Evaporator was obtained when moderate silicon and low aluminum feeds 
were used. A new feed pump was installed in Tank 43H which was well above the zone in the tank which 
was enriched in silicon, iron, and uranium. The DWPF recycle stream contained only a few SME carryovers 
and several of them did not contain glass forming frit. The GWB modeling showed that the evaporator feed 
was not saturated with respect to the NASgel phase, but was saturated with respect to Na2U2O7.36  
 
The second period of fouling of the 2H Evaporator initiated during the feeding of a stream containing 
moderate silicon and moderate aluminum. The position of the feed pump in Tank 43H remained unchanged 
and the DWPF recycle stream contained no SME carryovers. However, H-Canyon started to transfer wastes 
moderately high in aluminum. The GWB modeling showed that the evaporator feed was initially 
unsaturated with respect to the NASgel phase, but became saturated with respect to this phase when the 
aluminum concentration in the feed increased. The evaporator solutions were also saturated with respect to 
Na2U2O7 during the feeding of the moderate Al feed stream.36 
 
An experimental study was also conducted to examine the fate of uranium during the formation of sodium 
aluminosilicates when wastes containing high aluminate concentrations were mixed with wastes of high 
silicate concentration.41 The testing was conducted at varying degrees of uranium saturation using 
experimental conditions which were typical of SRS waste tanks (e.g., stagnant and slightly elevated 
temperature – 50 °C). The data showed that if the uranium concentration was above the solubility limit (i.e., 
the solution was supersaturated with uranium), the formation of sodium aluminosilicates can then act as a 
means to reduce the degree of supersaturation. The exact mechanism for the removal of the uranium from 
solution was not examined. Experimental results showed that under sub-saturated conditions, uranium was 
not removed from solution to any large extent in both simulant testing and actual tank waste testing. There 
were data supporting a small removal due to sorption of uranium on sites in the sodium aluminosilicates. 
At the solubility limit, it appears that uranium was not affected. 

3.6.2 Summary of Literature Review Applied to Aluminosilicate Scale Formation during Neutralization 
The neutralization of ASNF in the H-Canyon facility combines the precursor materials which have the 
potential to form aluminosilicates in the processing tank, although not at the 1:1 aluminate:silicate ratio 
necessary for the formation of the sodium aluminosilicate hydrogel precursor discussed below. Sodium 
aluminosilicate scale has long been recognized as an industrial problem for the recovery cycle of Kraft pulp 
mills and during the Bayer process for aluminum production. The formation of aluminosilicate scale was 
also identified as an issue with the liquid waste processing activities at the SRS. Aluminosilicate scale was 
observed in the 2H Evaporator in 1996 shortly after the startup of the DWPF. Two solid nitrated 
aluminosilicate phases were identified which are known as (nitrated) cancrinite and sodalite. 
 
To assist in understanding of the mechanisms which lead to the formation of aluminosilicates and to identify 
methods to reduce or eliminate their formation, a number of studies were performed at the SRTC and other 
research institutions. Over a relatively short time frame, the rapidly occurring kinetic processes were found 
to dominate the crystallization behavior of aluminosilicates more strongly than the thermodynamics; 
however, over a long time period, the entire process behavior was governed by thermodynamics. Phase 
transformations involving amorphous, zeolite A, sodalite and cancrinite particles occurred by solution-
mediated dissolution of the less stable phase and subsequent recrystallization of the more stable phase at 
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different rates, all of which increase rapidly with increasing temperature. The equilibrium solubility of 
sodium aluminosilicate phases was highly dependent on the solid phase type, temperature, and the solution 
hydroxide, aluminum, nitrate and nitrite concentrations.  The equilibrium solubility of all sodium 
aluminosilicate solid phases increased nonlinearly with increasing temperature and hydroxide concentration 
but decreased significantly with increasing aluminum concentration. 
 
Extensive analysis and modeling of the formation of aluminosilicates in the 2H evaporator were performed. 
A possible mechanism for the evaporator scale formation was suggested based on the discovery of 
crystalline Al(OH)3 adhering to the walls of waste tanks in the SRS M-Area. Reactive oxides, soluble 
silicates, and soluble aluminates in caustic solution can combine to form a sodium aluminosilicate hydrogel 
at ambient temperature when the solution stoichiometry of the aluminate and silicate species is 
approximately 1:1. The hydrogel converts to Zeolite-A under hydrothermal conditions at elevated 
temperature like conditions that exist in SRS evaporators. Nitrated-cancrinite/sodalite scale subsequently 
forms from the Zeolite-A. The sequential transformations of the sodium aluminosilicate hydrogel to the 
cancrinite/sodalite scale are densification (aging) transformations that require the saturation of the solution 
with respect to the hydrogel phase. It is very unlikely that the concentration of silicate species will ever 
approach the aluminate concentration following neutralization of ASNF. The total uranium concentration 
following fuel dissolution is less than 10 g/L (i.e., less than 0.042 M) compared to Al concentrations which 
are approximately 1.75 M.6 For a uranium silicide fuel (U3Si2-Al), the corresponding Si concentration 
would be less than 0.028 M. Therefore, based on the suggested mechanism, the sodium aluminosilicate 
hydrogel will never form which is a precursor to the Zeolite-A and subsequently the nitrated-
cancrinite/sodalite scale. 
 
Studies were also performed to address the issue of the incorporation of uranium in the aluminosilicate 
scale which accumulated in the 2H evaporator. Results from these studies showed that uranium can be 
incorporated in sodium aluminosilicate solids through encapsulation in bulk agglomerated sodium 
aluminosilicate particles of different phases (amorphous, zeolite A, sodalite, and cancrinite) as well as 
through heterogeneous deposition on the surfaces of sodium aluminosilicate coatings (amorphous and 
cancrinite) grown on stainless steel. However, uranium incorporation into the aluminosilicate structure is 
not a likely mechanism for accumulation. The results also indicated that sodium aluminosilicate particles 
can grow on the surfaces of precipitated uranium solids. If sodium aluminosilicate scale is present, and 
uranium is in sufficient concentration in solution to precipitate, a portion of the uranium can be expected to 
become associated with the scale. However, as stated above sodium aluminosilicate hydrogel will never 
form (due to the low silicate concentration) which is a precursor to the Zeolite-A and subsequently the 
nitrated-cancrinite/sodalite scale. 
 
The modeling of the SRS evaporator feed and drop tank chemistry was performed using GWB, a 
commercially available software package. The calculational results from the GWB were validated based on 
experimental work performed at the Pacific Northwest and Oak Ridge National Laboratories. The GWB 
successfully predicted the saturation of the 2H evaporator feed with the sodium aluminosilicate hydrogel 
based on contents of the feed stream during the two periods where fouling occurred. The formation of the 
hydrogel is a prerequisite for scale formation as well as the hydrothermal conditions which exist in the 
evaporator. Therefore, results from using the GWB to model the neutralization of dissolved ASNF which 
predict the absence of the aluminosilicate hydrogel provides convincing evidence that scale would not form 
upon the solution neutralization. 
 
Leaks from the neutralization tank containing solids which are re-acidified and dissolved prior to 
evaporation will not result in the formation of aluminosilicate scale during evaporation. Soluble Al will not 
co-precipitate with Si from an acidic solution. If the solution is high in silicon, there is potential to form 
silica solids during evaporation if the solubility limit is exceeded. 
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3.6.3 Results of GWB Modeling 
The predicted mineral phases for the neutralization of Simulant #1 are shown in Figure 3-6. Since Si was 
not present in the simulant and is required for aluminosilicate formation, a bounding amount for a dissolver 
batch (400 µg/mL) was added for modeling purposes based on an evaluation of the capacity of the 10.3C 
centrifuge for Si removal.24 The x-axis shows the amount of NaOH added in units of moles to the 1 L of 
starting acidic simulant.  The final data point (9.83 mol NaOH added) is equivalent to 1.2 M free hydroxide.  
The y-axis shows the amount of solid precipitated in units of grams.  The most prolific phase that formed 
was Al(OH)3, gibbsite, which reached a maximum mass of 115 g at approximately 6 moles of NaOH 
addition before slowly dissolving with increasing NaOH addition. At the end of the neutralization, greater 
than 99.999% of the initial U added was mineralized in the form of Na2U2O7, sodium diuranate. 
Approximately 0.9 g of Na2Al2Si3O10∙2H2O, natrolite (a zeolite phase) was thermodynamically predicted 
to form with less than 7 moles of NaOH added and persisted through the end of the simulated neutralization.  
 

 
Figure 3-6.  The mineral phases that were predicted by GWB 12.0.5 to precipitate during the 

neutralization of Simulant #1. 

 
The predicted mineral phases for the neutralization of Simulant #2 (with the addition of Si based on the 
bounding concentration24) are shown in Figure 3-7. The most significant mineral phase formed during this 
simulated neutralization was FeO, ferrous oxide, which started to precipitate with the addition of 
approximately 4 moles of NaOH and reached a maximum mass of approximately 109 g during the 
simulation. Similar to Simulant #1, the final state of greater than 99.999% of the U in the system was in the 
mineral form Na2U2O7. No zeolite mineral phases were observed to form in the model of Simulant #2. The 
Si was consumed in the daphnite-14A (Fe5Al2Si3O10(OH)8) phase before any zeolites could form (i.e., the 
thermodynamics favored Si forming daphnite more so than zeolite). 
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Figure 3-7.  The mineral phases that were predicted by GWB 12.0.5 to precipitate during the 

neutralization of Simulant #2. 

The mineral phases identified by the GWB in Figure 3-6 and Figure 3-7 from the modeling of the 
neutralization of the SNF simulants do not include the sodium aluminosilicate hydrogel which was 
identified as a precursor to the formation of scale in the 2H evaporator. Hydrogel formation may occur 
when the solution stoichiometry of the aluminate and silicate species is approximately 1:1, which does not 
occur even for the dissolution of uranium silicide fuels (see Section 3.6.2). The hydrogel converts to Zeolite-
A under hydrothermal conditions at elevated temperature like conditions that exist in SRS evaporators (e.g., 
120 °C) and subsequently to nitrated-cancrinite/sodalite scale. Therefore, in the absence of the hydrogel 
and the necessary hydrothermal conditions, it is highly unlikely that scale will form during the 
neutralization of SNF solutions in the H-Canyon neutralization tank. 

4.0 Conclusions 
Neutralizations were successfully completed on two different simulants of H-Canyon dissolver solution.  
The first simulant represented a batch of dissolver solution from dissolution of HFIR fuel after isotopic 
adjustment to 3 wt% 235U and poisoning with Gd at a ratio of 0.625:1 Gd:235U.  The second simulant also 
represented a batch of dissolved HFIR fuel, adjusted to 3 wt% 235U enrichment, with Gd added at a ratio of 
0.625:1, but also included the addition of Fe as a neutron poison at a ratio of 160:1 Fe:239Pu equivalent.  
Sodium hydroxide solution (50 wt%) was added to each simulant to reach the target endpoints of 0.6 M and 
1.2 M free hydroxide.  Analysis of samples taken throughout the neutralization indicated the lowest Gd:235U 
ratio was observed at about the mid-point of the neutralization where the ratio was 0.549 in the solids.  This 
ratio is still well within the safety limits based on the NCSE performed previously.30  Similar results were 
obtained for the simulant also containing Fe, where the minimum Gd:235U ratio observed was 0.552 in the 
solids. 
 
Physical and rheological properties of the resulting neutralized simulants were also studied to provide the 
necessary data for performing flow calculations examining the transfer of neutralized slurry from H-Canyon 
to the CSTF.  All endpoints had a final density above the 1.35 g/mL limit and therefore require further 
dilution at the end of the neutralization.  For Simulant #1, it can be successfully transferred after dilution to 
a density between 1.27 and 1.35 g/mL for both the 0.6 M and 1.2 M OH- endpoints.  To minimize water 
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addition for Simulant #1, it is recommended to process at 1.35 g/mL.  For Simulant #2, it was determined 
that flow will backup into the header if the pipe roughness is greater than 0.00015 ft for densities above 
1.33 g/mL for the 0.6 M slurry.  For Simulant #2 it is recommended to target final densities of 1.33 g/mL 
for the 0.6 M OH- endpoint or 1.35 g/mL for the 1.2 M OH- case if the transfer is non-Newtonian.  If 
Simulant #2 is transferred as a Newtonian fluid, target 1.25 g/mL for either the 0.6 M or 1.2 M OH- 
endpoints, given densities higher than 1.25 g/mL should be treated as non-Newtonian.  At 1.21 g/mL for 
Simulant #2, the critical velocity needed to maintain the Na2U2O7 particles in suspension exceeds that of 
the pipeline velocity, indicting settling could occur.  If there is excessive buildup in the piping from previous 
transfers (e.g., pipe roughness greater than 0.00125 ft), backup into the 10” header will occur for either 
simulant.  Flushing after transfers is recommended at or above 75 gpm.  
 
The literature survey identified numerous reports and studies related to the formation of sodium 
aluminosilicate scale both in the Kraft pulp mill and Bayer process for aluminum production in industry as 
well as in HLW processing activities at SRS.  Formation of aluminosilicate scale has previously been 
identified as an issue in the liquid waste processing activities at SRS, particularly in the evaporators where 
HLW containing high concentrations of Al and recycle water from DWPF containing high concentrations 
of Si are combined and evaporated.  Based on the proposed mechanism for the formation of the evaporator 
scale requiring a near 1:1 ratio of aluminate and silicate species for the formation of the sodium 
aluminosilicate hydrogel, it is unlikely to occur in the H-Canyon processes where the aluminate 
concentration will greatly exceed the silicate concentration. The total uranium concentration following fuel 
dissolution is less than 10 g/L (i.e., less than 0.042 M) compared to Al concentrations which are 
approximately 1.75 M.6 For a uranium silicide fuel (U3Si2-Al), the corresponding Si concentration would 
be less than 0.028 M. This in combination with the lower temperatures in the neutralization tanks indicate 
that the formation of sodium aluminosilicate scale will not occur in H-Canyon.  The neutralization reactions 
studied here were also modeled using GWB to identify the potential formation of sodium aluminosilicates 
in these streams.  Modeling of the neutralization of Simulant #1 showed the Si present (based on a bounding 
concentration) precipitated in the form of a small amount of a sodium aluminosilicate phase (natrolite, 
Na2Al2Si2O10∙2H2O) that formed just after the equivalence point of the neutralization was reached and 
persisted through the end of the simulated neutralization.  The modeling also indicated that >99.999% of 
the initial U added was precipitated in the form of sodium diurinate (Na2U2O7).  In the case of Simulant #2, 
no zeolite mineral phases were observed to form, and again >99.999% of the U in the system was present 
as Na2U2O7 at the end of the neutralization. 

5.0 Future Work 
Additional work may be necessary if the planned neutralizations/batches fall outside of the parameters 
tested here.  Specifically, if the concentration of solids is expected to be higher than tested, additional 
calculations and/or experiments may be necessary to ensure the neutralized material can be successfully 
transferred.  
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