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Summary

Approximately 1400 g of wet Hanford Tank C-104 Sludge was evaluated by Battelle for the high-
level waste (HLW) pretreatment processes of ultrafiltration, dilute caustic washing, and elevated-
temperature caustic leaching.  The filterability of diluted C-104 sludge was measured with a 0.1-µm
sintered metal Mott filter using a 24-inch-long, single-element, crossflow filtration system (cells unit filter 
[CUF]).  While the filtrate was being recirculated prior to washing and leaching, a 6.9 wt% solids(a) slurry 
was evaluated with a matrix of seven 1-hour conditions of varying trans-membrane pressure (30 to 70 
psid) and axial velocity (9 to 15 ft/s).  The filtrate flux and backpulse efficiency were determined for each 
condition.  The slurry was concentrated to 23 wt% solids, a second matrix of six 1-hour conditions was 
performed, and data analogous to that recorded in the first matrix were obtained.

The low-solids-concentration matrix produced filtrate flux rates that ranged from 0.038 to 0.083 
gpm/ft2.  The high-solids-concentration matrix produced filtrate flux rates that ranged from 0.0095 to 
0.0172 gpm/ft2.  In both cases, the optimum filtrate flux was at the highest axial velocity (15 ft/s) and 
transmembrane pressure had little effect.  Nearly all of the measured filtrate fluxes were more than an 
order of magnitude greater than the required plant flux for C-104 of 0.00126 gpm/ft2.  In both matricies, 
the filtrate flux appeared to be proportional to axial velocity, and the permeability appeared to be 
inversely proportional to the trans-membrane pressure.  The first test condition was repeated as the last 
test condition for each matrix.  In both cases, there was a significant decrease in filtrate flux, indicating 
some filter fouling during the test matrix that could not be removed by backpulsing alone, although the 
backpulse number and duration were not optimized.

Following testing of these two matrices, the material was washed within the CUF by continuously 
adding approximately 5 L of 0.01-M NaOH and then removing it through the filter as permeate.  The 
purpose of this washing step with 0.01-M NaOH was to remove water-soluble components that might 
inhibit dissolution of salts during caustic leaching, while avoiding peptization of the solids that occurs at a 
pH below 12.  After washing the sludge with dilute caustic, it was combined with 3-M caustic, and the 
slurry was leached in a stainless steel vessel at 85°C for 8 hours.  This leaching was followed by two 
0.01-M caustic washes, each conducted in a stainless steel vessel to dilute remaining analytes from the 
interstitial liquids.  Each rinse was performed at 85°C for 8 hours.  Permeate from each of these process 
steps was removed using the crossflow filter system.  Samples of the permeate from each slurry-washing
activity and all intermediate process steps were taken and analyzed for chemical and radiochemical 
constituents.  The fraction of each component removed was calculated.  Key results are presented in 
Table S.1.

(a) Solids concentrations are generally reported on an insoluble solids basis.  This is done by 
mathematically subtracting out the dissolved solids from the sample.
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The primary components in the initial tank sludge were sodium and aluminum.  With these two 
constituents removed during the washing and leaching steps, the primary components in the final sludge 
were Th, U, and Zr.  These became the limiting species in the HLW glass.

The rheological properties of the C-104 slurries were determined with a viscometer according to 
procedure BNFL-TP-29953-010.  The initial 6.9-wt% material exhibited Newtonian behavior with a 
viscosity between 2–4 cP. The water-washed slurry that had a measured solids concentration of 24 wt% 
was found to be yield pseudoplastic and thixotropic.  With the initial increase in shear, the viscosity of the 
slurry at 100 s-1 was 300–360 cP.  During the decrease in shear, the viscosity of the slurry at 100 s-1 was 
180–240 cP.  The final slurry samples with a solids concentration of ~20 wt % solids also exhibited yield 
pseudoplastic behavior with a viscosity at 100 s-1 of 30 to 40 cP.

Table S.1.  Solubility of C-104 Sludge Key Components in 0.01 M NaOH and 3 M NaOH

Component
Fraction Removed in 
Water Washes (%)

Fraction Removed in 
Caustic Leaches (%)

Fraction in Solids 
Residue (%)

Al 2.4 90.8 6.8
Cr 7.0 43.5 49.5
Fe 0.01 0.08 99.9
Na 91.1 N/A 4.6
P 18.9 52.2 29

Th <0.1 <0.4 >99.5
U 0.6 <1.4 >98
Zr 0.01 0.014 99.98

N/A  = Not Analyzed.  It is difficult to measure the small amount Na removed with large Na 
additions.

The initial C-104 sludge had a bi-modal particle size distribution centered at 1.6 and 22 microns with 
a significant quantity of sub-micron particles.  During the course of pumping, washing, and caustic 
leaching, the large particles or agglomerates were broken up, and the smaller particles were dissolved, 
creating a single distribution at approximately 1 micron.

Flow-induced shear or sonication did not easily break the particle agglomerates in the initial sample.
The PSD of the final slurry was much more easily shifted to smaller particle sizes by shearing.  Whether 
this is just an effect of grinding during pumping or whether it is a chemical effect of washing and leaching 
is not clear.
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Terms and Abbreviations

AEA alpha energy analysis

BNFL BNFL, Inc; subsidiary of British Nuclear Fuels, Ltd. 

CUF cells unit filter

DF decontamination factor

DI deionized water

GEA gamma energy analysis

HLRF High Level Radiochemistry Facility

HLW high-level waste

IC ion chromatography

ICP-AES inductively coupled plasma-atomic emission spectroscopy

ICP-MS inductively coupled plasma-mass spectrometry 

LRB laboratory record book

MSE mean squared error

PID proportional-integral-derivative controller

PMG precious metals group

PSD particle size distribution

RPD relative percent difference

RPL Radiochemical Processing Laboratory

RPP-WTP River Protection Project Waste Treatment Plant

SAL Shielded Analytical Laboratory

TMP trans-membrane pressure

TIC total inorganic carbon

TOC total organic carbon

TRU transuranic
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Units

°C degrees Celsius
g gram

g/mL gram per milliliter
µg/g - µg/mL microgram per gram/microgram per milliliter

µCi/g - µCi/mL microcurie per gram/microcurie per milliliter 
mL milliliter

mmole/mL millimole per milliliter
nCi/g nanocurie per gram
pCi/g picocurie per gram
Vol% volume percent
Wt% weight percent

M molarity
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1.0 Introduction

The River Protection Project Waste Treatment Plant (RPP-WTP) flowsheets developed by British 
Nuclear Fuels Limited (BNFL) Inc. plan to use caustic leaching and/or water washing for pretreatment of 
the Envelope D Hanford sludge before high-level waste (HLW) vitrification (DOE-RL 1996).  These 
pretreatment steps reduce the quantity of HLW generated by removing components such as Al, Cr, Na, 
and P that are soluble either in water or high-temperature caustic and often limit the waste loading in the 
glass.

The RPP-WTP flowsheets also use crossflow filtration to separate the leach and wash solutions from 
the solids between each step. Unlike traditional dead-end filtration, which has a declining rate caused by 
the growth of a filter cake on the surface of the filter medium, in crossflow filtration, the filter cake is 
swept away by the fluid flowing across it.  This filtration method is especially beneficial when there are 
very fine particles and when system simplicity is required.

The first objective of this work was to test crossflow filtration using actual Envelope D Hanford tank 
waste (C-104) in a modified cells unit filter (CUF) filtration rig fabricated at Battelle.  Similar to the 
studies with supernatants, the permeability of the diluted C-104 sludge through a single-element 0.1-µm
Mott filter was evaluated as a function of trans-membrane pressure, axial velocity, and time for both high 
and low solids concentrations (Brooks et al. 1999; Hallen et al. 2000).  The radioactive tests with the 
single-element CUF unit will provide information for equipment-performance evaluation and a design 
basis for a scaled process.

The second object of this work was to evaluate washing and leaching characteristics of the C-104
sludge.  The slurried feed was de-watered and then washed multiple times with 0.01 M NaOH to 
determine the concentration of water-soluble components.  It was subsequently leached with NaOH at 
elevated temperatures to determine the concentration of caustic-soluble components.  The chemical and 
radiochemical composition of the filtrate and the final leached solids was measured to determine the 
efficiency of the filtration, leaching, and washing processes.

This report describes the test apparatus, the experimental approach, the results of the tests, and the 
chemical and radiochemical analysis of the sludge from Tank C-104 and filtrates generated during the 
washing and caustic-leaching steps.(a)  This report also provides a means of transmitting to BNFL the 
completed test instruction and raw filtration and analytical data.

(a) The results presented in this report are based on work conducted under Test Plan TP-29953-047, test 
instructions TP-29953-029 and –051, and Procedure TP-29953-020.  Some data are recorded in 
Laboratory Record Book (LRB) #13745.  Conditions for conducting these tests were given in the “C-104
and C-106 Caustic Leach Test Specification,” TSP-W375-99-00005, Rev 0.



2.1

2.0 Test Conditions

Small-scale radioactive crossflow filtration, water-washing, and caustic-leaching tests using slurry 
samples from Tank C-104 were conducted from 8/24/99 through 8/28/99.  The work was performed in the 
High Level Radiochemistry Facility (HLRF) hot cells located in Radiochemical Processing Laboratory 
(RPL) facilities.

2.1 Test Material Preparation

Battelle received samples from Tank 241-C-104 from Hanford’s 222-S laboratory on March 3, 1999.
This material was received in 14 glass jars.  Figure 2.1 lists the sample numbers along with the mass of 
material recovered from each jar.  The material in the jars was transferred to a stainless steel mixing 
vessel equipped with a motorized impeller.  Before being used, all components of the mixing vessel were 
rinsed with methanol and then baked in an evaporation oven at 102°C for 12 h.  Materials in the vessel 
were mixed for 1 h and 20 min before collecting subsamples.  The materials were actively mixed while 
subsamples were collected through a 1.9-cm (.75-in.) ball valve located on the bottom of the vessel.  The 
hot-cell temperature during the mixing process was 34°C.

The first three subsamples (C-104 COMP A, B, and GL) were collected and allowed to settle.  After 
approximately 10 days, the volume of settled solids in these three samples was measured to determine the 
effectiveness of the sub-sampling technique at collecting samples with representative solids/liquid ratios.
It was assumed that after 1 h of active mixing, the settled solids were effectively homogenized.  The three 
subsamples contained 88.9, 89.2, and 89.9 vol% settled solids.  Given that these results are within 1 vol%, 
the sampling technique was determined to provide representative subsamples.

The remaining material in the mixing vessel was then collected in three glass jars during active 
mixing.  These jars were labeled C-104 COMP C, C-104 COMP D, and C-104 COMP E.  A significant 
amount of material remained in the mixing vessel because of a flat bottom.  The vessel was rinsed with 
two 50-mL aliquots of 0.01 M NaOH, and the rinse solution was collected in a jar labeled C-104 RIN.
The vessel was then rinsed again with another two 50-mL aliquots of 0.01 M NaOH, and the rinse 
solution was collected in a jar labeled C-104 RIN 2.  The material in the jars labeled C-104 COMP A, C-
104 COMP B, and C-104 COMP E was used for “as-received” regulatory analysis.  The material in the 
jar labeled C-104 COMP GL was used for the solubility versus temperature, and small-scale caustic and 
water-washing tests.  CUF process testing utilized the material in the jars labeled C-104 COMP C, C-104
COMP D, C-104 RIN, and C-104 RIN2.
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2.2 Overview of Testing

For the C-104 crossflow filtration experiments, measurements of filtrate flux as a function of trans-
membrane pressure (TMP) and centerline crossflow velocity were recorded for both a dilute and a 
concentrated slurry.  The dilute feed was 6.9 wt% solids,(a) and the concentrated feed was 23 wt% solids.
The filtrate was recycled back into the feed tank to maintain the steady-state solids concentration for 
testing.  Each condition was run for 60 min with data taken every 10 min.  The system was backpulsed at 

(a) Solids concentrations are generally reported on an insoluble solids basis.  This is done by 
mathematically subtracting out the dissolved solids from the sample.  If solids are reported on a different 
basis, they will be delineated as such.

Figure 2.1.  Sample Flow Diagram for the C-104 Sludge Before Crossflow Filtration Testing

Sample # Weight, g Sample # Weight, g
16273 150.046 16280 141.802
16274 157.638 16281 142.608
16275 176.435 16282 160.345
16276 157.212 16283 159.172
16277 162.65 16284 160.251
16278 164.872 16285 147.301
16279 149.645 16286 151.652

Total = 2181.629 g

5.7% loss
124.129 g

C-104 Comp A
C-104 Comp B

168.9 g
170.3 g

C-104 Comp E 125.2 g

165.6 g
C-104 Comp C 605.7 g
C-104 Comp D 608.5 g
C-104 RIN 172.4 g
C-104 RIN2 40.9 g

Total 1427.5 g

C-104 Comp GLCUF Ultrafiltration Testing

"As Received" 
Analytical Samples

Solublity vs. Temperature and
Water & Caustic Insoluble

Solids Tests

C-104 "As Received" Samples

Composite & Homogenize 
Sample

2057.5 g total
29 wt% insoluble solids
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least twice between each condition, but not backpulsed at any time during the condition.  The slurry 
temperature was maintained at 25 ± 5°C for all filtrate rate testing. 

The filtration test conditions are based on an empirically derived matrix to determine the optimum de-
watering conditions for the feed slurry.  A 5-point matrix around the center-point at 50 psid and 12.2 ft/s 
tests the conditions of TMP (30 psid, 50 psid, 70 psid) and velocity (9.1 ft/s, 12.2 ft/s, 15.2 ft/s).  It is
hypothesized that the subsurface filter fouling (that cannot be removed by simple backpulsing) may 
influence the selection of optimum de-watering conditions as each test is conducted.  To incorporate error 
introduced by the subsurface filter fouling, and to account for such errors in selecting an optimum de-
watering condition, the center-point was used for the initial testing conditions and repeated for the final 
testing conditions.

Following the filtration tests, the slurry was washed at 25°C in the CUF system.  This was 
accomplished though seven consecutive additions of 0.01 M NaOH washing solution to the CUF slurry 
feed tank, followed by the removal of an equal amount of filtrate using the crossflow filter.  The filtrate 
from these washes was collected in three separate containers, and each was sampled for analysis.

The slurry was then put though a caustic leaching process.  The slurry was transferred from the CUF 
to a separate leaching container, combined with 3.0-M NaOH, heated to 85°C, and held with steady 
mixing for 8 h.  The leached slurry was then transferred back into the CUF, and the slurry was de-
watered.  Following the leaching step, two 8-hour, 0.01-M NaOH wash cycles were performed at 85°C to 
reduce the dissolved solids contained in the interstitial liquid.

The final washed sludge was transferred into a storage container for additional HLW pretreatment 
and vitrification tests.  The available solids and the minimum operating volume of the CUF (800 to 
900 mL) limited the maximum solids concentration that could be attained in the CUF.  All wash solutions 
and four slurry samples were analyzed for chemical and radiochemical constituents.  Additional samples 
were obtained to determine rheological properties and to verify by in-cell centrifugation the approximate 
solids loading at specified points.  These samples were added back to the system after completion of the 
procedure when possible. 

2.3 Testing Apparatus

Crossflow filtration testing of the feed was conducted on a Battelle-modified CUF, with the following 
specifications:

• single-tube filter module, 24”-long tube; 3/8” ID 

• 0.1-µm Mott liquid-service stainless steel filter

• recirculation flow such that 5 m/s (15 ft/s) maximum linear crossflow velocity can be achieved 
through the filter tube with water

• maximum trans-membrane pressure 80 psid with water.

A process flow diagram of the CUF is shown in Figure 2.2.  The slurry feed is introduced into the 
CUF through the slurry reservoir.  Three baffles are installed in the slurry reservoir to prevent vortex 
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Figure 2.2. Crossflow Filtration Process Flow Diagram
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formations.  An Oberdorfer progressive cavity pump (powered by an air motor) pumps the slurry from the 
slurry reservoir through the magnetic flow meter and the filter element.  The axial velocity and trans-
membrane pressure are controlled by the pump speed (which is controlled by the pressure of the air 
supplied to the air motor) and the throttle valve position.  An air booster was added outside of the hot cell 
to increase the building pressure to the air motor.  This was done in an attempt to achieve higher axial 
velocities during actual slurry testing.  The impact of this pressure booster on the transmembrane pressure 
is described in Section 2.5.

Deionized (DI) water and dilute caustic (0.01 M NaOH) additions into the CUF were made through 
the chemical addition tank located outside of the hot cell.  The chemical addition tank is hard piped into 
the cell where it is attached to a long piece of flexible tubing that can be gravity drained into the slurry 
reservoir.  Concentrated caustic or acid solutions were added to the CUF using pre-filled polyethylene 
bottles transferred manually into the cell.

Filtrate that passes through the filter can be either sent to the backpulse chamber, reconstituted with 
the slurry in the slurry reservoir, or removed.  The filtrate flow rate is measured by means of a graduated 
glass-flow monitor that is fill-and-drain operated.  Higher filtrate flow rates can be monitored with an in-
line rotameter.  Filtrate samples are taken at the three-way valve upstream from the slurry reservoir.  This 
is also the point at which filtrate is removed for the de-watering step.  Filter backpulsing was conducted 
by partially filling the backpulse chamber with filtrate, pressurizing the backpulse chamber with air, and 
forcing the filtrate in the backpulse chamber back through the filter.

During the majority of the testing in the CUF, the slurry temperature was maintained at 25 ± 5°C by 
flowing cooling water in jackets around the slurry reservoir and on the tube between the magnetic flow 
meter and the filter.  The slurry temperature was measured by a thermocouple installed in the slurry 
reservoir and controlled by a 1000-watt chiller.  When filtering leachate and washes at elevated 
temperatures (85°C), the chiller was turned off.  A heat tape surrounding the slurry reservoir and pump 
inlet tubing heated the slurry to the required temperature.  The temperature was then maintained using a 
proportional-integral-derivative (PID) temperature controller.

The elevated-temperature caustic leaches/washes were performed in a 2-L stainless steel beaker.  The 
slurry in the stainless steel container was continuously stirred with a mixing blade while being heated on a 
hotplate.  A thermocouple, immersed in the slurry, measured temperature and fed the data into the 
temperature controller.  This allowed for automatic temperature control for the 8-h wash cycles.  To 
minimize evaporation loss, a stainless steel lid with a small hole for the mixer shaft was used. 

The critical CUF measuring equipment included

• a magnetic flow meter to measure the slurry recirculation rate

• two flowmeters to measure the filtrate flowrate at high and low levels

• three pressure gauges to measure the filter module inlet, filter module outlet, and filtrate pressures

• two thermocouples to measure the slurry temperature in the CUF and in the leaching beaker.



2.6

All measuring equipment was calibrated, and the calibration information was recorded in the test 
instruction document.

2.4 CUF System Verification Testing

Testing to establish a background filtrate flux was conducted with de-mineralized, 0.1µm filtered 
water in the CUF at 20, 10, and 30 psid.  The filtrate fluxes for these tests averaged 1.59, 0.95, and 2.38 
gpm/ft2, respectively.  The water testing showed very little filtrate flux reduction over the 30-min testing 
times.  This confirmed that the CUF was sufficiently clean to begin testing with the C-104.

2.5 Experimental Approach

A flowsheet of the testing is shown in Figure 2.3.  The test instruction for this work is found in 
Appendix A, and a mass-balance spreadsheet is provided in Appendix B.  The homogenized C-104
Comp C, RIN, and RIN2 were added to the CUF followed by 1458 g of inhibited water (0.01 M NaOH) 
to bring the insoluble solids concentration down to ~10 wt%.  Approximately 1 L of the slurry was 
removed due to maximum CUF volume limitations.  Approximately 1185 g of inhibited water was added 
to the remaining slurry, creating a solids concentration of 6.9 wt%.  The removed slurry was later added 
back into the CUF, de-watered, and used for the second testing matrix with higher solids loading.

The first testing matrix to determine the optimum de-watering conditions for dilute slurry conditions 
was run at five combinations of TMP and crossflow velocity with two conditions being repeated to 
determine filter fouling over the course of testing (see Table 2.1).  The conditions below were performed 
in the order described.  The system was backpulsed two to four times between each condition, and only 
between conditions.  It was not backpulsed during the course of any 1-hour condition.  The cognizant
engineer determined the required amount of backpulses needed based on the drop in flux during the 
previous condition and on the amount of recovery achieved with the first two backpulses. The filtrate 
flux results are found in Section 3.1.

An external air-booster was used for the test conditions requiring both a high TMP and a high flow 
rate.  These conditions are noted in the tables with an asterisk.  When the air-booster was in use, the air-
pressure supplied to the air-motor driving the pump pulsed rhythmically over a 10- to 20-psig range.   The 
pulse frequency was approximately 60 cycles/min.  This caused fluctuations in the crossflow velocity and 
corresponding pulses in the TMP of 5 to 10 psig.   During normal operations without the air-booster, the
equipment vibrations created vibrations in the pressure gauges of between 0 and 5 psig.(a)

(a) At the conclusion of the testing, the C-104 slurry was filtered at 50 psid and 7.2 ft/s both with and 
without the air booster over the course of 10 minutes.  No change in filtrate flux was observed due to the 
pulsations of the air booster.
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Final Testing, Samples,
Rheology, and Transfer of

Washed Sludge for storage

C-104 Caustic Wash -
Permeate #2 1453.04g Soln. Removed

Remove Caustic Wash
Permeate with CUF

Second Dilute Caustic Wash
with 0.01 M NaOH for 8 hours at
85°C (In Stainless Steel Vessel)

C-104 Caustic Wash -
Permeate #1 1671.33g Soln. Removed

Remove Caustic Wash
Permeate with CUF

C-104 Caustic Leach -
Permeate #1 1669.87g Soln. Removed
Permeate #2 1298.97g Soln. Removed

C-104 Water Wash -
Permeate #1 1771.82g Soln. Removed
Permeate #2 1748.02g Soln. Removed
Permeate #3 1653.61g Soln. Removed

Rheology and
Samples

Test Matrix # 2 @
 ~ 23 wt% solids

Remove Caustic Wash
Permeate with CUF

First Dilute Caustic Wash with
0.01 M NaOH for 8 hours at 85ºC

(In Stainless Steel Vessel)

Caustic Wash with 3.0 M NaOH
for 8 hours at 85ºC (In Stainless

Steel Vessel)

 Samples

Centrifuge
Sample

~ 1-Liter
(962.0g) of

Slurry
removed

before and
added back in
after Matrix #1 C-104 Filtrate -

Filtrate #1 1026.0g Soln. Removed
Filtrate #2 1049.75g Soln. Removed

Prepare CUF and Run DI Water
Tests

Inhibited Water Wash In CUF
5007.35g Inhibited Water

(0.01M NaOH) added

Add C-104
RIN, RIN2 & Comp C

Test Matrix # 1 @ ~ 6.9 wt%
solids

Add Comp D
Dewater to ~23 wt% solids

Figure 2.3. C-104 Crossflow Filtration Test Experimental Steps
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Table 2.1. Test Conditions for Dilute Slurry(a)

Condition # Target Flowrate
(ft/s)

Average Velocity
(ft/s)

Target  Pressure
(psid)

Average Pressure
(psid)

1 12.2 12.8 50 50.7
2 12.2 12.0 30 30.6
3(b) 12.2 12.1 70 70.2
4 9.1 9.0 50(c) 50.2
5(b) 15.2 15.1 50(c) 49.3
6 12.2 12.3 50 49.9
7 9.1 9.0 50(c) 51.2

(a) Matrix from pre-October 1999 BNFL experimental design change.
(b) Air Booster used to attain required pressure and flow.
(c) Determined to be the optimum pressure condition, based on raw data.  Including filter fouling 
over  the course of the study, the optimum pressure condition was later determined to be 30 psid.

After completion of the first test matrix, the slurry was de-watered.  The liter of slurry that was
removed was re-added to the CUF, and de-watering commenced a second time.  Sample C-104 Comp D
was added to the CUF, and the combined slurry was de-watered a third time until an estimated pre-wash
target of 20 wt % solids was reached.  The filtrate from these three de-watering processes was collected in 
1-L bottles labeled “Filtrate #1” and “Filtrate #2,” and totaled 2075.75 g.  Representative samples of these 
filtrates and the final combined slurry were taken for analysis.

This concentrated slurry with a solids concentration calculated at 23.2 wt% was run through a second 
test matrix to determine optimum de-watering conditions at higher solids loading.  Testing procedures for 
Matrix 2 were identical to the testing for Matrix 1.  The actual and targeted conditions are shown in 
Table 2.2.

Table 2.2. Test Conditions for High-Solids-Loading Matrix(a)

Condition # Target Flowrate
(ft/s)

Average Flowrate
(ft/s)

Target  Pressure
(psid)

Average Pressure

1 12.2 11.24 50 53.0
2 12.2 11.53 30 33.67
3(b) 12.2 11.77 70 71.33
4 9.1 9.09 50(c) 52.43
5(b) 15.2 14.35 50(c) 52.86
6 12.2 11.68 50 50.83

(a) Matrix from pre-October 1999 BNFL experimental design change.
(b) Air Booster used to attain required pressure and flow.
(c) Determined to be the optimum pressure condition, based on raw data.  Including filter fouling 
over the course of the study, the optimum pressure condition was later determined to be 70 psid.
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The original test plan called for the slurry to be washed three times after the testing at ~20 wt% solids 
was completed.  Due to maximum volume limitations, it was decided to conduct the wash as a continuous 
process and collect the wash filtrate progressively in three equal volumes.  The total wash volume was
divided into seven equal parts of approximately 715 g and added separately to the CUF.   After each 
addition, the system was de-watered by collecting the filtrate until a similar volume was removed.  About 
half of each addition was added through the backpulse chamber to effect two backpulses between each 
de-watering stage.  The remainder of the wash water was added directly into the mixing tank.

During these water washes, approximately 600 g of wash solution or permeate was lost.  This resulted 
in a slurry of approximately 33 wt% solids that did not mix homogeneously in the slurry reservoir and did 
not produce homogeneous samples.  To return the slurry to the correct volume and weight percent solids, 
641.11 g of additional inhibited water was added, and new “reconstituted” slurry samples were taken.(a)

After completion of the water-washing steps, the slurry was removed from the CUF and leached at 
85°C with 3 M NaOH for 8 hours.  The slurry was pumped into the leaching beaker and then 2899.26 g of 
3 M NaOH was divided into two batches and used to rinse residual solids from the CUF before being 
pumped into the leaching beaker to mix with the slurry.  This resulted in a slurry with ~8.6 wt% solids in 
the leaching beaker.  The temperature of the slurry was raised to 85 ± 5°C and maintained at 85°C for 8 
hours.  The slurry was continuously stirred with a mixer blade throughout the caustic leaching.
Approximately 15 minutes before the end of the leaching time, the heat tape on the CUF was activated to 
pre-warm the system so that slurry could be maintained at 85 ± 5°C for the de-watering process.  After 8 
hours, the slurry was transferred back into the CUF to de-water back to original solids concentration (~20 
wt% solids).

The slurry was pumped around in the CUF and heated to bring its temperature back to 85 ± 5°C
before the de-watering process was started.  Filtrate flux, TMP, temperature, and flow-rate data were 
taken every 10 minutes during all de-watering steps when possible.

Following the caustic leaching steps, the solids were washed twice with inhibited water, 
0.01 M NaOH.  Each inhibited water wash was conducted in the same manner as the caustic leach.  Dilute 
Caustic Wash #1 consisted of 1405.22 g of 0.01 M NaOH added to the slurry.  This produced an 
~11.8 wt% solids concentration in the leaching beaker.  The solution was heated to ~85°C and held for a 
period of 8 hours, then de-watered to the pre-wash concentration.  Dilute Caustic Wash #2 consisted of 
1512.18 g of 0.01 M NaOH added to the slurry.  The solution was heated to 85 ± 5°C and held for a 
period of 8 hours, then de-watered at 85 ± 5°C to the pre-wash concentration.  The extent of de-watering
was limited by the minimum volume of the CUF, approximately 800 mL.  Duplicate sub-samples of each 
permeate were taken and analyzed for soluble components removed.

The slurry was drained and collected in a 2-L bottle.  Approximately 1018 g of washed and leached 
C-104 sludge (wet) was collected from the CUF.  The CUF was rinsed twice with 1000 mL of DI water,
and the solids from this were also collected and saved.

(a) Mass balance results on individual analytes indicate that the wash solution lost contained very little if 
any non-water components.  Whether it was water not added or permeate lost is unclear.
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The CUF was then rinsed multiple times with water to remove all of the remaining solids and to 
attempt to recover the initial clean water fluxes.  To assist in cleaning the filter, the water was added to 
the backpulse chamber and forced backward through the filter.  When the water being removed was 
relatively clean, an external cartridge filter with a 0.05-µm rating was attached to the system.  Roughly 
2/3 of the flow continued through the CUF, and the remaining 1/3 of the flow was circulated through the 
cartridge filter in an attempt to remove the remaining solids.  This recirculation continued for several 
hours while intermittently backpulsing.  At the conclusion of this cleaning step, the filtrate flux was 
measured with clean water.  The filtrate flux was significantly below that measured before the C-104 test, 
and it was determined that acid cleaning would be required.

One liter of 1 M HNO3 was backpulsed into the CUF and allowed to recirculate for several hours.
The nitric acid was then drained from the CUF and found to be very dark and full of solids.  A second 
batch of 1 M HNO3 was added to the CUF through the backpulse chamber and allowed re-circulate
through the system.  This second batch of nitric acid was considerably cleaner.  The system was then 
rinsed until a neutral pH was obtained, and the clean-water flux was measured again at 20, 10, and 
30 psid.  The resultant fluxes over 20 min were 1.38, 0.84 and 1.77 gpm/ft2, respectively.  These values
are approximately 12 to 25% lower than the initial fluxes.  Further cleaning in the plant may be required 
to maintain a high clean water flux.  In the CUF system, the acid can damage the pump stator, so less 
extensive cleaning is possible.

2.6 Sample Analyses

The sample names, descriptions and associated analyses are shown in Table 2.3.  For both permeates 
and slurry samples, analyses included

• total organic carbon (TOC) and total inorganic carbon (TIC)

• ion chromatography (IC) (for soluble anions)

• inductively coupled plasma-atomic emission spectroscopy (ICP-AES) (for metals)

• gamma energy analysis (GEA) (137Cs, 154Eu, 155Eu, 241Am)

• strontium chemical separation followed by beta counting (90Sr)

• inductively coupled plasma-mass spectrometry (ICP-MS) (for 99Tc)

• alpha emission analysis (AEA) (for 241Am, 243Cm, 244Cm)

• total alpha analysis

• laser fluorescence (for total U).
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Table 2.3.  Samples and Analyses Performed

Sampling Step Sampling
Number

Sample Type Analysis

CUF-C104-001 PSD
CUF-C104-002 Physical Properties

“Initial Slurry Sample”(a)

(Before Matrix 1)
N/A

Slurry
Rheology

“Initial Permeate” 
(First De-Watering
After Matrix 1)

CUF-C104-019 Permeate Chemical and Radiochemical

“Initial Permeate”
(Second De-Watering
After Matrix 1)

CUF-C104-005 Permeate Chemical and Radiochemical

“Water Wash Permeate 1” CUF-C104-016 Permeate Chemical and Radiochemical
“Water Wash Permeate 2” CUF-C104-017 Permeate Chemical and Radiochemical
“Water Wash Permeate 3” CUF-C104-018 Permeate Chemical and Radiochemical

CUF-C104-006 Physical Properties
CUF-C104-007 PSD

“Washed Slurry”
(After Water Wash,
high solids loading) N/A

Slurry
Rheology

CUF-C104-009 Physical Properties
N/A Rheology

“Intermediate Slurry” or 
“Reconstituted Washed 
Slurry” (After Water Wash, 
diluted slurry) CUF-C104-010

Slurry
Chemical and Radiochemical

“Caustic Leach Permeate” CUF-C104-011 Permeate Chemical and Radiochemical
“Caustic Wash Permeate 1” CUF-C104-021 Permeate Chemical and Radiochemical
“Caustic Wash Permeate 2” CUF-C104-022 Permeate Chemical and Radiochemical

CUF-C104-012 PSD
CUF-C104-013 Chemical and Radiochemical
CUF-C104-014 Chemical and Radiochemical“Final Slurry Sample”
CUF-C104-Final
Rheology

Slurry

Rheology & Physical Properties

Final Decanted Supernatant CUF-C104-014 Permeate Acid Digest/ICP-AES (for Na)
(a)  Names in quotes are the names of the samples used in this report.

The slurry samples were prepared by both acid digestion and KOH fusion to obtain complete
dissolution as well as measure the K and Ni concentration.  A precious metals group (PMG) fusion was 
also performed to obtain the Pt concentration in the slurry.  In addition to the above analysis, the 
following additional analyses were performed only on the solids:

• ICP-MS (for 237Np, 126Sn, 129I, Pr, Rb, Ta, Pt)

• extraction and Beta Count (for 3H)

• combustion release and beta count (for 14C)

• cold vapor atomic adsorption spectroscopy (for Hg)
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• cyanide and ammonia concentrations.

The physical analyses of the slurries included density, weight percent dissolved and undissolved 
solids, and volume percent settled and centrifuged solids.  The results of these analyses, along with a 
further description of the experimental steps, are provided in Section 3.3.  The rheological work measured 
shear stress as a function of shear rate.  The results of this work, along with a further description of the 
experimental steps, are provided in Section 3.4.  The particle size distribution (PSD) measurements were 
performed for selected samples using Microtrac X-100 and Microtrac UPA particle analyzers.  The results 
of this work along with a further description of the experimental steps are provided in Section 3.5.
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3.0 Results and Discussion

This results and discussion section is divided into five subsections:  crossflow filtration results, water 
washing and caustic leaching results, physical property results, rheological results, and PSD results.

3.1 Crossflow Filtration Results

3.1.1 Low Solids Loading Matrix Results

The low solids loading matrix test consisted of seven conditions.  All were performed at 6.9 wt% 
insoluble solids concentration, and each was 1 h in duration.  The average filtrate fluxes from these 
conditions are shown in Table 3.1.  A graph of the filtrate flux as a function of time for all seven 
conditions is shown in Figure 3.1.  The high initial flux rates drop within a few minutes to a lower, more 
consistent flux rate that slowly decreases over time.  For comparison of test conditions, the flux rate is 
averaged over the 1-h run time, except for the first 10 min of operation.  All the flux data presented in this 
section have been corrected to 25°C using the following formula provided by BNFL to correct for 
viscosity changes:

(3.1)

where Flux25C is the corrected filtrate flux, and T is the temperature (°C) at the flux measurement (FluxT).
All of the raw data for the filtrate flux measurements are included in Appendix D.

Table 3.1.  Average Filtrate Flux for Low Solids Matrix (~6.9 wt%)

Condition #
Average

Velocity (ft/s)
Average Pressure 

(psid)
Average Filtrate 

Flux (gpm/ft2)
1 12.8 50.7 0.083
2 12.0 30.6 0.080
3(a) 12.1 70.2 0.057
4 9.01 50.3 0.038
5(a) 15.1 49.3 0.081
6 12.3 49.9 0.065
7 8.95 51.2 0.051

(a)  Conditions #3 and #5 required the air booster to achieve the required 
pressure and flow.
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Figure 3.1.  Filtrate Flux as a Function of Time for the Low Solids Matrix

The initial condition (50.7 psid, 12.8 ft/s) had the highest average filtrate flux.  As with previous 
crossflow filtration studies (Brooks et al. 1999, Geeting & Reynolds 1997) on Hanford tank wastes, 
during each condition and between conditions, the filtrate flux steadily decreases over time.  This is 
evidenced by the decrease in filtrate flux that was observed in Conditions #1 and #6. With nearly identical 
pressure and velocity, Condition #6 (49.9 psid, 12.3 ft/s) had a filtrate flux 21% lower than the initial 
condition.  Condition #4 (50.3 psid, 9.01 ft/s) and Condition #7 (51.2 psid, 8.95 ft/s) are also nearly 
identical in pressure and velocity.  In this case, there is actually an increase in filtrate flux between these 
two conditions.  These results may indicate that Condition #2 (30.6 psid, 12.0 ft/s) and more likely 
Condition #3 (70.2 psid, 12.1 ft/s) produced most of the overall decrease in filtrate flux and thus the 
irreversible fouling of the filter.
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The initial, final, and average filtrate flux results are shown in Figure 3.2.  The first three conditions 
show the effect of trans-membrane pressure on the filtrate flux.  While the initial filtrate flux is nearly 
identical for all three conditions (suggesting no significant fouling of the filter), the average and final
filtrate flux of the 70-psid condition (#6) is much lower than 30 and 50 psid.  It appears that higher 
pressures may compact the filter cake or foul the filter, reducing the benefits of increased pressure.  It is 
also interesting to note that the lower axial velocity Conditions #4 and #7 both have a significantly lower 
initial as well as average filtrate flux.  It appears that the lower axial velocity prevents the complete 
removal of surface fouling during backpulsing, reducing the initial filtrate flux.

0

0.02

0.04

0.06

0.08

0.1

0.12

0 1 2 3 4 5 6 7

Condition Number

F
ilt

ra
te

 F
lu

x 
(g

pm
/ft

2)

Initial Flux Average Flux Final Flux

Figure 3.2.  Initial, Average, and Final Filtrate Flux for Each Condition in the Low Solids Matrix

In spite of the overall decreasing trend in the filtrate flux, the influence of trans-membrane pressure 
and axial velocity can be seen.  Between 50 and 30 psid (Condition #1 and #2), there is little decrease in 
filtrate flux, and there is a substantial decrease when the trans-membrane pressure is increased to 70 psid 
(Condition #3).  The effect of pressure can best be seen as a function of permeability.  In Figure 3.3, 
permeability is plotted as a function of pressure for the first three data points.  These three points are 
nearly linear with a two-fold increase in pressure, resulting in a 3-fold decrease in permeability.

In contrast, higher axial velocities show a significant increase in filtrate flux for similar trans-
membrane pressure.  The higher axial velocities at constant trans-membrane pressure were measured for 
Conditions #4 through #7.  The results of these tests are shown in Figure 3.4.  There is a linear impact of 
initial and average filtrate flux with respect to axial velocity.  Higher axial velocities produced higher 
filtrate fluxes.  Overall, a 40% increase in axial velocity resulted in a 40% increase in filtrate flux.  Higher 
axial velocities also improve the recovery of the backpulse following a 1-h test condition.  These results 



3.4

0

0.0005

0.001

0.0015

0.002

0.0025

0.003

0 20 40 60 80

Pressure (psid)

P
er

m
ea

bi
lit

y 
(g

pm
/ft

2/
ps

id
)

Figure 3.3.  Average Permeability versus Pressure for the Low-Solids-Loading Matrix at 
Approximately 12 ft/s Axial Velocity

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0 2 4 6 8 10 12 14 16

Axial Velocity (ft/s)

F
ilt

ra
te

 F
lu

x 
(g

p
m

/f
t2 )

Figure 3.4.  Average Filtrate Flux as a Function of Axial Velocity for the Low-Solids-Loading
Matrix at Approximately 50 psid Transmembrane Pressure



3.5

would indicate that at 6.9 wt% solids, particle convection from the surface of the filter membrane 
dominates the filtration rate.

3.1.2 De-Watering from Low to High Solids Loading

The slurry was de-watered in two steps, once on the initial slurry containing C-104 RIN 1 & 2 and C-
104 COMP C, and again on the slurry after it contained all C-104 sludge material to be used, including C-
104 COMP D.  The initial de-watering removed approximately 1500 mL of supernatant over the course of 
28 min for an average flux of 0.072 gpm/ft2.  The filtrate flux for this dewatering step is within 10% of 
the flux for Condition #6 (49.9 psid, 12.3 ft/s) of the low-solids-loading matrix.  The solids concentration
varied from 6.9 wt% to approximately 17 wt% solids over this time.  The second de-watering step 
removed an additional 500 mL of supernatant.  This de-watering step required approximately 43 min.
The filtrate flux for this step was measured at 0.0175 gpm/ft2.  During this de-watering, the solids 
concentration ranged from an estimated 16 to 20 wt% solids.  The average filtrate flux during this step of 
dewatering was 35% higher than the initial condition for the high-solids-loading matrix.

3.1.3 High-Solids-Loading Matrix Results

The second filtration matrix was performed after the slurry had been de-watered to a calculated solids 
concentration of 23.2 wt% solids.  This matrix consisted of six conditions.  The first and last conditions 
were repeated to evaluate filter fouling during the course of the testing.  The average filtrate fluxes for 
this matrix are shown in Table 3.2.  The filtrate fluxes as a function of time are shown in Figure 3.5.  As 
done previously, each condition was performed over the course of 1 h with 3 to 4 backpulses between 
each condition.  During the de-watering step between these two test matrices, the outlet pressure gauge 
became plugged.  Thus, the pressures provided in this discussion are only for the filter inlet and not the 
filter outlet pressure (typically 1 to 4 psid lower than the inlet).  Once again, to achieve the correct 
pressure and velocity for Conditions #3 and #5, the air booster was used, resulting in slight fluctuations in 
pressure and velocity.

Table 3.2.  Average Filtrate Flux for High-Solids Matrix (~23 wt%)

Condition #
Average Velocity 

(ft/s)
Average Pressure

(psid)
Average Filtrate 

Flux (gpm/ft2)
1 11.2 53.0 0.013
2 11.5 33.7 0.014
3(a) 11.8 71.3 0.014
4 9.09 52.4 0.010
5(a) 14.4 52.9 0.017
6 11.7 50.8 0.0095

(a)  Conditions #3 and #5 required the air booster to achieve the required pressure and 
flow.  This resulted in greater fluctuations in pressure and flow during the test than 
were seen during other conditions.
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Unlike the low-solids matrix, the highest average flux did not occur at the first condition.  Instead, it 
occurred at the condition of highest axial velocity.  Furthermore, Condition #2 and #3 both had higher 
average filtrate fluxes.  This may indicate incomplete backpulsing following the de-watering and before 
starting Condition #1.  Once again, the average filtrate flux appeared to decrease over the entire matrix as 
evidenced in the decrease in filtrate flux that was observed in Conditions #1 and #6.  With nearly identical 
pressure and velocity, Condition #6 had a filtrate flux 27% lower than Condition #1.
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Figure 3.5.  Filtrate Flux as a Function of Time for the High Solids Matrix

The initial, final, and average filtrate-flux results are shown in Figure 3.6.  For the first four 
conditions, there is little difference between the initial, average, and final filtrate fluxes.  In contrast, the 
low solids matrix exhibited a 50% decrease between the initial and average flux as compared to only 25% 
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for the high-solids matrix.  The initial filtrate fluxes also appeared to be controlled significantly by the 
axial velocity.  Apparently, the higher axial velocities prevent significant filter cake build-up throughout 
the test.
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Figure 3.6.  Initial, Average, and Final Filtrate Flux for Each Condition in the High-Solids Matrix

The filtrate fluxes for this test were significantly lower than those seen in the low-solids matrix.  With 
the 3.3-fold increase in solids concentration, the filtration flux decreased 5 fold (see Figure 3.7).

Similar to the low solids matrix, the axial velocity has a significant effect on both the average and 
initial filtrate flux for the high solids loading matrix.  The filtrate flux is presented as a function of axial 
velocity for the first five conditions (Figure 3.8).  In spite of pressure variations, the data are nearly linear.
Only the final data point falls outside of this trend.  Transmembrane pressure, on the other hand, has little 
to no effect at all on filtrate flux at this solids loading.  Within experimental error, fluxes for 30, 50, and 
70 psid have nearly identical average filtrate fluxes.

3.1.4 Filtration Results During the Washing and Caustic Leaching Steps

Washing with dilute caustic was performed in seven steps.  In each step, approximately 715 mL was 
added to the CUF, and then an equal quantity of filtrate was removed.  During each of the steps, in theory, 
the solids concentration should increase from approximately 17% up to 23%.  The filtrate flux curves for 
these seven steps are presented in Figure 3.9.  As can be seen from the data, de-watering steps 1, 2, 3, and 
4 are nearly identical in filtrate flux over time.  De-watering Step 5 and especially 6 and 7 are 
significantly lower.  As discussed in Section 2.5, at the end of the seven dewatering steps, the volume was 
~600 mL lower than expected.  This resulted in the final solids concentration being 33 wt% rather than
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Figure 3.9.  Filtrate Flux as a Function of Time for De-watering During Washing Steps

23 wt%.  This higher solids concentration due to the material loss may be the cause of the lower filtrate 
flux during Steps 6 and 7.

Filtrate flux data was also taken during the caustic leach de-watering.  During these tests, the filtration 
was performed at elevated temperatures.  The filtrate flux rates at 85°C, not corrected for the elevated 
temperature, are shown in Figure 3.10.  During this test, caustic leach slurry (4 L total) was added in three 
batches to the CUF for de-watering.  Overall, the insoluble solids concentration was increased from ~8.6 
to ~22.5 wt% solids.  The filtrate flux was much higher than matrices and de-watering done previously.
Using the correction in Equation 3.1, the filtrate flux is reduced by 50%.  However, the filtrate flux values 
were still higher than previous flux data.  Similarly high filtrate fluxes were also seen during the 85°C de-
watering steps following the caustic wash steps.  While higher temperatures may be beneficial for 
filtration, after several days, white flaky solids were found in caustic leach permeate from this de-
watering step.  These are probably the result of aluminum precipitating out of solution after the permeate 
was allowed to cool to ambient temperature (~35°C), probably in the form of Al(OH)3.  The caustic leach 
permeate and solids were archived for possible future analysis.  No solids were seen in other samples 
including the two washes after the caustic leach.

3.1.5 Statistical Analysis

The goal of the statistical analysis is to determine the error associated with these tests and to develop 
a model that best predicts the average flux for C-104 over the range of conditions studied. 

By comparing how well each of the filtrate-flux measurements are to be repeated, the pure error of 
the measurement technique can be estimated.  For each test condition, seven measurements were taken at 
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Figure 3.10. Filtrate Flux as a Function of Time for De-Watering During Caustic Leaching
(Note: Due to CUF volume constraints, during filtration, additional slurry was 
added twice during dewatering.)

the same relative time over a period of 1 hour.  If it is assumed that the change in flux (absolute) with 
respect to time after the first 10 minutes is considered to be constant, the error can be calculated.  While it 
is true that the flux does continue to decrease even after the first 10 min, the values calculated in this way 
provide an upper bound on the possible error in the measurements.  The idea behind calculating pure error 
is that repeated measurements should be identical.  The differences found from repeated measurements 
provide a means of estimating the error associated with measurement.  In this experiment, since replicates
were not available, points that were “close” were treated as replicates, and an approximate pure error 
calculated.  The results of the error calculation for each matrix individually and for the combined set are 
shown below.(a)

• low solids matrix only (7 points): 0.0017 gpm/ft2

• high solids matrix only (6 points): 0.0004 gpm/ft2

• both matrices (13 points): 0.0009 gpm/ft2

(a)  The calculation is done by subtracting the mean of the data points taken at the same location 
(replicates) from each raw measurement, squaring those differences, adding them up, and dividing that 
total by the number of degrees of freedom.
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A statistical model can be used to understand the important factors, predict filtrate-flux performance, 
and eliminate effects particular to the CUF test and equipment that would not be seen in actual operation 
(i.e., run number).  Four possible factors were evaluated: linear velocity in ft/s (Velocity), pressure in psid 
(Pressure), time or run order in hours (Run), solids concentration given as fraction of insoluble solids 
(Solids), or any combination of those variables.  The following assumptions are used for fitting these 
models:

• The fixed components of the errors are negligible.  That is, the errors have a zero mean.

• The errors are mutually uncorrelated, or their covariances are zero.  This means that the value of one 
error does not depend on or help determine the value of any other error.

• Though generally unknown, the variances of the errors are equal.

• The errors are normally distributed.

A model was developed that incorporated both the low and high solids loading matrix and was found 
to take on the following form:

Flux (gpm/ft2) = –0.03711 + 0.022206*Run – 1.116*Solids + 0.01298*Velocity – 0.00063*Pressure…

…– 0.00199*Run*Velocity + 0.05746*Solids*Velocity + 0.00313*Solids*Pressure.

The model was a good fit, yielding a high R2 of 0.9959 and a low mean squared error (MSE) of 
0.00292.  For a model to be considered a good prediction model, it is desired, among other things, that the 
R2 should be as close to 1 as possible, while at the same time, the MSE should be as low as possible. 

This model shows, as would be expected, that solids loadings and pressure have a negative 
relationship to the filtrate fluxes, and axial velocities possess a positive relationship with the filtrate fluxes 
at the solids loadings tested.  Although it’s not intuitive, the requirement of the second order terms in the 
model show that an interaction exists within the factors and their relationship with filtrate flux in order to 
give a better prediction of filtrate fluxes.  Simply using a model without the interaction information would 
yield an inferior model in terms of having more unexplained error, as opposed to the chosen model, which 
has very little unexplained error.

This model was used to determine the optimum conditions without the effect of run order for both 
solids concentrations.  In the case of 7 wt% solids, the optimum filtration condition is 30 psid and 15 ft/s.
At 23 wt% solids, the optimum condition is 70 psid and 15 ft/s.   In both cases, but especially at 23 wt% 
solids, the pressure effect is very small.  This can be seen in Figure 3.11.  Filtrate flux is a strong function 
of axial velocity and a weak function of pressure in both cases.

This model should allow an estimate of the filtrate flux for tests run between 1 and 13 hours, for C-
104 solids concentrations between 7 and 23 wt%, and over the transmembrane pressures and axial 
velocities studied.  It should not be used for conditions outside these parameters, especially since it is an 
empirical and not theoretical model. 
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3.2 Sludge Washing and Caustic Leaching Results

The chemical and radiochemical analyses obtained from the slurry-washing and caustic-leaching test 
are presented in this section.  Slurry samples were taken on the initial feed after all C-104 sludge was 
added to the CUF, following the three water washes, and at the conclusion of the tests.  Liquid samples 
were taken on all permeates removed during the course of testing.  The results of these analyses are 
shown in Table 3.3.

(a) (b)

Figure 3.11. Filtrate Flux model for constant run number at (a) 7 wt% and (b) 23 wt%.  Note that 
the highest filtrate flux occurs at lowest pressure with 7 wt% solids as compared to 
the highest pressure at 23 wt% solids.
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Slurry samples were measured on a dry basis (water removed by drying at 105oC), and permeate 
samples were measured on a wet basis.  These results indicate that the primary metals in the initial slurry 
were, from highest to lowest concentration, aluminum, sodium, thorium, zirconium, uranium, and iron.  The 
dilute caustic washing removed a majority of the sodium species while the caustic leaching removed a 
majority of the aluminum species.  Thus, the metals in the final slurry were, from highest to lowest 
concentration, thorium, zirconium, uranium, iron, sodium, and aluminum.  During the course of washing 
and leaching, most of the soluble anions measured by IC were washed from the solids.  TIC and TOC 
concentrations, however, remained high in the solid portion of the sample.

The radioactive component concentrations are shown in Table 3.4.  Of the major radioactive isotopes, 
only 137Cs was significantly removed during leaching and washing.  As would be expected, the 90Sr and 
transuranic (TRU) isotopes remained with the slurry.
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The removal efficiencies both for the initial dilute washing and the caustic leaching of the non-
radioactive and radioactive components are shown in Tables 3.5 and 3.6, respectively.  The results 
indicate that 91% of the sodium was removed from the slurry during the water-washing steps.  Nearly all 
of the soluble chloride, nitrate, nitrite, and oxalate were removed during the first water washes.
Phosphate was the only exception, having only 14% removal during the water washes.  Other non-
radioactive components with significant removal efficiencies during the water wash were Ru with 69% 
removal, Bi with 61% removal, K with 46% removal, Mo with 31% removal, and B with 42% removal. 

In terms of radioactive components, 50% of the 137Cs, 44% of the 99Tc, and 22% of the 60Co were 
removed during the initial water-wash steps.

The caustic leach and subsequent caustic washing steps were performed at estimated 2.0, 0.9, and 0.3 
M NaOH concentrations.  The leaching efficiencies of these steps are also shown in Tables 3.5 and 3.6.
While only 2.4% of the aluminum was removed during the dilute caustic washing, 91% was removed 
during caustic leaching and this almost exclusively in the first leaching step.  It appears that subsequent 
leaches would not be required for aluminum oxide removal from the C-104 sludge.

The as-received C-104 waste did not fall within the DOE Contract feed limits due to its high thorium 
concentration.  Thus the original HLW glass limits described in the DOE contract do not apply.  Instead, 
BNFL Inc. is to formulate a glass composition that maximized waste oxide loading to the extent practical.
Thus, no attempt will be made here to determine the reduction in HLW glass produced due to dilute 
caustic washing and caustic leaching.

Other non-radioactive constituents significantly removed during the caustic-leaching process were B, 
Be, Cr, K, Li, Mo, P, Se, Sn, and V.  Greater than 50% of  Al, B, Cr, K, Li, P, all of the IC measured 
anions, TOC, and TIC were removed during the combined washing and leaching steps.  Of the radioactive 
components, only 137Cs and tritium were removed in significant quantities during the caustic-leaching
process.

Tables 3.7 and 3.8 show the masses calculated present at each process step.  The final column shows 
the percentage recovery.  The mass recovery is the comparison of the total mass of analyte recovered 
throughout the test (what is removed in each process step plus what remains in the sludge residue) to the 
mass of analyte present in the initial sludge.  The mass recovery can be represented as

(3.2)

This value provides a means of evaluating the closure of the mass balance (i.e., how much of each 
component is not accounted for).  In general, the recoveries are reasonably close to 100%.  There are 
some cases where the recoveries are very much larger or much smaller than 100%.  These values most 
likely indicate significant error in one or more of the analyses (e.g. Mo).  It is not surprising that the mass 
recoveries of the IC anions are not close to 100%.  IC measures only the soluble fraction of these anions, 
which may change during the course of washing and leaching.  The major constituents indicate that 

100*covRe /

dgeinitialslu
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Table 3.5.  Distribution of Non-Radioactive Analytes in the Wash Steps

Analyte %
Dilute Wash 
Efficiency %

Caustic Leach 
Efficiency %

Caustic Wash 
#1 Efficiency %

Caustic Wash 
#2 Efficiency % Residue %

Ag 0.01 <0.3 <0.2 0.10 <99.5
Al 2.4 90.8 <0.003 <0.0006 6.8
As 0.8 na na 99.2 0
B 42.0 41.5 <3.1 4.5 <11.9, >8.9
Ba <0.3 <0.8 <0.5 <0.08 >98.3
Be <1.7 28.1 <2.5 <0.4 <71.9, >67.4
Bi 60.9 na na 39.1 0
Ca 0.09 <0.4 <0.2 <0.04 >99.2
Cd 0.4 <0.3 <0.2 <0.03 <99.6, >99,
Ce <0.7 <1.9 <1.1 0.4 >95.9
Co 8.4 <13.6 <7.6 3.6 <88.0, >66.7
Cr 7.0 32.9 10.6 <0.02 49.5
Cu 7.0 0.9 <0.6 0.5 <91.5, >91.0
Dy <8.9 <23.3 <13.0 <2.3 >52.5
Eu nd nd nd nd nd
Fe 0.01 0.08 <0.006 <0.0010 99.9
Hg nd nd nd nd nd
K 46.2 41.0 <15.5 12.9 0
La <1.1 <3.0 <1.7 0.7 <99.3, >93.5
Li 6.2 54.0 <0.09 <0.02 39.9
Mg 0.011 <3.3 <1.9 0.2 >94.6
Mn 0.005 <0.009 <0.005 0.002 99.99
Mo 31.3 36.7 <6.4 1.5 <30.6, >24.2
Na 91.1 na na na 4.6
Nd <2.4 <6.3 <3.5 1.5 <98.5, >86.3
Ni 5.9 0.1 <0.1 0.07 94.0
P 18.9 52.2 <0.1 <0.02 29.0
Pb 0.02 3.0 0.3 <0.2 96.5
Pt nd nd nd nd nd
Ru 69.2 na na 30.8 0
Se 3.4 75.5 17.4 3.7 0
Si 11.7 8.9 <0.07 0.1 79.3
Sn 2.6 39.4 <6.9 <1.2 <58.0, >49.9
Sr <0.4 <0.9 <0.5 <0.09 98.2
Th <0.10 <.03 <0.1 <0.02 >99.5
Ti 0.024 <0.6 <0.3 0.05 >99.0
U 0.6 <0.7 <0.4 0.3 <99.2, >98.1
V 2.1 18.4 3.4 1.4 74.7
Y <1.8 <4.8 <2.7 0.6 <99.4, >
Zn 2.2 6.2 <0.4 <0.08 < 91.6, > 91.1
Zr 0.009 0.01 <0.004 <0.0008 99.98
Cl- 100 0 0 0 0
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Table 3.5.  Distribution of Non-Radioactive Analytes in the Wash Steps

Analyte %
Dilute Wash 
Efficiency %

Caustic Leach 
Efficiency %

Caustic Wash 
#1 Efficiency %

Caustic Wash 
#2 Efficiency % Residue %

NO2
- 97.0 3.0 0 0 0

NO3
- 92.2 6.0 1.0 9.0 0

PO4
3- 13.9 83.2 2.4 0 0.5

SO4
2- 99.0 0 0 0 1.0

CO3
2- 99.8 0 0 0 0.2

TIC 73.9 5.7 2.5 0.5 17.5
TOC 67.7 0 3.4 1.0 27.9
CN- nd nd nd nd nd
NH3

- nd nd nd nd nd
(a) Accounts for carry-over of interstitial liquid.
(b) Percentages based on total material removed and what remained in the residue.  Sodium percentages based 

on starting material.
Note:  na:  not applicable-detection limit too large (or too much Na added in washes.)
Note:  nd:  no detect-analysis not performed.
Note:  <Y denotes less than the detection limit (Y), >Z denotes a value greater than the value Z.

Note:  <P, >Q denotes a value determined to be greater than Q but less than P.

Table 3.6.  Distribution of Radioactive Analytes in the Wash Steps

Analyte
Dilute Wash 
Efficiency %

Caustic Leach 
Efficiency %

Caustic Wash #1 
Efficiency %

Caustic Wash 
#2 Efficiency 

% Residue %
90Sr 0 0 0 0 100
241Am 0.008 0 0.0001 0 99.99
243Cm, 244Cm 0.007 0 0 0 99.99
242Cm 0.02 0 0 0 99.98
60Co 21.9 2.5 0.4 0.07 75.2
137Cs 50.3 20.8 3.7 1.2 24
125Sb 0 0 0 0 100
154Eu 0 0 0 0 100
155Eu 0 0 0 0 100
99Tc 44.6 6.1 9.9 0.9 38.5
101Ru 10.6 0.7 0.03 0.1 88.5
Note:  ** accounts for carry-over of interstitial liquid.
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approximately 5 to 10% of the total slurry mass was unaccounted for during the process.  This could be 
due to actual material loss, but is more likely due to analysis and measurement errors, which in some 
cases are within this range.

The insoluble radioactive-component concentrations provide a means of measuring the capability of 
the filter to separate the insoluble solids from the liquids.  The isotope 241Am is basically insoluble in 
caustic solutions and its concentration was measured for all permeates and slurries so it was used to 
measured filter removal efficiency.  This can be done in terms of a decontamination factor (DF) for each 
step of the process using the following equation:

(3.3)

where CAm,permeate is the 241Am concentration in a given permeate sample, CAm,solids is the 241Am
concentration in the dried slurry taken during that time, and wt% slurry is the weight percent solids in the 
dried slurry.  For the initial de-watering, the decontamination factor for 241Am was 243,000.  The water-
wash decontamination factor was >23,000, and the caustic-leach decontamination factors were 
>1,300,000.  These high decontamination factors indicate good solid/liquid separations using the Mott 
0.1-µm sintered metal filter.

Besides the sludge wash/caustic leach study described in this report, Lumetta et al. (2000) also 
performed sludge washing and caustic leaching on a subsample of the initial C-104 material.  In that 
work, the dilute caustic washing and caustic leaching were performed on separate subsamples of material.
The leaching efficiencies (defined as a percentage of the starting material) for these two tests are 
compared in Table 3.9.  The relative percent difference is also provided for ease of comparison, a 
negative value indicating better efficiency in the CUF than in the beaker-scale tests.(a)  The major metals 
that were significantly removed, such as Al, Na, Cr, P and most anions, are very similar in washing and 
leaching efficiency, indicating good fit between the two sets of data.  Minor constituents, and those that 
were only slightly leached out of solution, do not correlate as well.  It should be noted that the CUF 
material was washed and leached, while the bench-scale material was either washed or leached but not 
both.  This may also account for some of the differences.

The final caustic leached slurry is also compared in Table 3.9.  No initial characterization of the 
sludge sample in the small-scale testing was performed.  Thus, only the final caustic-leached material can 
be compared.  The metals compositions between the two leached samples are very similar.  This would 
indicate similar homogenity during initial sampling, similar leaching characteristics, and good scale-up
from small to pilot scale.  The anions and radionuclides do not compare quite as well.  The reason for this 
difference is not clear.

(a) The relative percent difference is defined here as the difference between the two values divided by 
their sum.

permeateAm

solidssolidsAm

C

wtC
DF

,

,

100

%
=



3.28

T
ab

le
3.

9.
  C

om
pa

ri
so

n 
in

 W
as

hi
ng

/L
ea

ch
in

g 
E

ff
ic

ie
nc

ie
s 

be
tw

ee
n 

th
e 

Sm
al

l-
Sc

al
e 

an
d 

C
U

F
 T

es
t

D
ilu

te
 C

au
st

ic
 W

as
h 

E
ff

ic
ie

nc
y

C
au

st
ic

 L
ea

ch
 E

ff
ic

ie
nc

y
C

au
st

ic
 L

ea
ch

ed
 S

lu
rr

y 
C

om
po

si
ti

on
(a

)

A
na

ly
te

Sm
al

l S
ca

le
 

%
C

U
F

 %
R

P
D

 %
Sm

al
l S

ca
le

 
%

C
U

F
 %

R
P

D
 %

Sm
al

l S
ca

le
 

(µµ
g/

g)
C

U
F

 (
µµg

/g
)

R
P

D
 %

A
g

1.
33

0.
01

99
1.

45
0.

54
91

17
90

18
95

-6
A

l
1.

67
2.

41
-1

8
94

.9
6

93
.2

2
2

34
25

0
36

70
0

-7
C

a
4.

71
0.

09
96

4.
17

0.
77

1.
37

81
31

85
47

-5
C

r
14

.5
7

7.
02

35
56

.7
7

50
.5

3
12

18
95

19
53

-3
Fe

0.
01

0.
01

16
0.

05
0.

09
-5

8
81

35
0

89
02

9
-9

M
n

0.
00

3
0.

00
5

-1
6

0.
03

0.
02

34
18

77
5

19
67

1
-5

M
o

15
.4

0
31

.2
6

-3
4

53
.9

6
75

.8
5

-3
4

51
31

49
N

a
92

.5
5

91
.1

1
1

98
.5

1
nm

34
85

0
58

52
9

-5
1

N
i

6.
43

5.
87

5
2.

14
6.

14
-9

7
55

50
56

64
-2

P
30

.9
7

18
.8

7
24

70
.7

6
71

.2
0

-1
46

90
42

90
9

Pb
0.

24
0.

02
87

10
.3

7
3.

50
99

30
42

.5
29

49
3

Si
15

.4
2

11
.7

2
14

9.
98

20
.7

9
-7

0
22

40
0

21
95

0
2

T
h

0.
16

0.
10

26
0.

76
0.

51
39

11
65

00
11

30
43

3
U

1.
16

0.
58

34
0.

22
1.

93
-1

59
10

01
00

99
91

4
0.

2
Z

r
0.

00
4

0.
01

-4
2

0.
03

0.
02

9
10

25
00

11
22

50
-9

T
O

C
60

.6
6

67
.7

2
-5

56
.4

6
72

.1
0

-2
4

16
95

0
20

90
0

-2
1

T
IC

84
.8

8
73

.8
6

7
76

.2
1

82
.5

1
-8

69
00

18
45

0
-9

1
C

l
96

.2
3

10
0.

00
-2

96
.6

9
10

0.
00

-3
16

0
<

11
N

O
3

95
.4

8
92

.1
6

2
96

.1
9

10
0.

00
-4

12
50

32
0

11
8

SO
4

93
.1

5
99

.0
2

-3
>

51
99

.0
2

24
0

65
11

5
PO

4
89

.0
0

13
.8

7
73

>
67

99
.4

9
24

0
52

5
-7

5

µµC
i/g

µµC
i/g

13
7 C

s
64

.0
3

50
.2

8
12

44
.6

3
75

.9
5

-5
2

13
5.

5
53

88
90

Sr
0.

01
<

0.
06

0.
00

4
<

0.
15

28
20

12
80

75
99

T
c(b

)
43

.3
6

44
.5

9
-1

44
.1

6
61

.4
9

-3
3

0.
05

94
5

0.
00

25
18

4
24

1 A
m

1.
44

0.
01

99
0.

52
0.

01
19

4
26

.3
13

68
(a

)
C

on
ce

nt
ra

tio
n 

on
 a

 d
ry

 s
ol

id
s 

ba
si

s 
   

   
   

  (
b)

 99
T

c 
co

nc
en

tr
at

io
n 

in
 µ

g/
g



3.29

3.3 Physical Property Results

The C-104 samples were analyzed for density of the bulk slurries, settled solids, settled supernatant, 
centrifuged solids, and centrifuged supernatant.  The density results are listed in Table 3.10. The weight 
percent (wt%) and volume percent (vol%) settled solids, wt% and vol% centrifuged solids, and wt% total 
solids were measured for these samples as well.  The wt% and vol% solids results are listed in Table 3.11.

A known mass of each slurry was placed in a volume-graduated centrifuge cone.  If sufficient 
material was available, samples were prepared in duplicate.  The samples were then allowed to settle for 
3 days.  The total mass (MB) and volume (VB) of the settled samples were recorded, and the density of the 
bulk slurries was calculated (DB=MB/VB).  In addition, the volume of the settled solids (Vss) and volume 
of settled supernatant (Vsl) were recorded.  The vol% settled solids was then calculated 
(Vol%ss=Vss/VB × 100%).  A portion of the settled supernatant was then transferred to a graduated 
cylinder, and its mass (Mslb) and volume (Vslb) were recorded.  Using this data, the density of the settled 
supernatant was calculated (Dsl=Mslb/Vslb).

Since all of the settled supernatant could not be removed from the centrifuge cone without disturbing 
the settled solids, the mass of the settled solids (Mss) could not be measured directly.  Therefore, the mass 
of the settled solids was calculated.  This was done by first calculating the mass of the supernatant (on top 
of the settled solids) from the measured supernatant density and volume (Msl = ρsl × Vsl), then subtracting 
this mass from the mass of the bulk slurry to get the mass of the settled solids (Mss=MB-Msl).  The density 
of the settled solids was then calculated (ρss=Mss/Vss) as well as the wt% settled solids (Wt%ss=Mss/MB ×
100%).

The settled supernatant was then added back to the centrifuge cones and centrifuged at approximately 
1000 times the force of gravity for 1 h.  All of the centrifuged supernatant was then transferred to a 
graduated cylinder, and its mass (Mcl) and volume (Vcl) were recorded. Then the density was calculated 
(ρcl=Mcl/Vcl).  The mass (Mcs) and volume (Vcs) of the centrifuged solids were then recorded, and the 
density was calculated (ρcs=Mcs/Vcs).  In addition, the wt% centrifuged solids (Wt%cs=Mcs/MB × 100%), 
and vol% centrifuged solids (Vol%cl=Vcl/VB × 100%) were also calculated.

The centrifuged solids and supernatants were then each dried at 105°C for 24 h.  The mass of the 
dried centrifuged supernatant (Mdcl) and dried centrifuged solids (Mdcs) were then measured.  Assuming 
all mass lost during the drying process is water and not another volatile component, the weight percent 
total solids in the bulk slurry was calculated:

Wt% total solids = (Mdcs+Mdcl)/(Mcs+Mcl) × 100% (3.3)

The results in Table 3.10 suggest that the density of the supernatant did not vary by more than 2% before 
and after the processing step with a value of ~1.01 g/mL.  Since dilute caustic and water were the only 
solutions added to the system, this consistent density result is not surprising.
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Table 3.10.  Density Measurement for Samples of C-104 Slurry Feed Samples

Density, g/mL

Sample Description Slurry
Settled
Solids

Settled
Supernatant

Centrifuged
Solids

Centrifuged
Supernatant

Diluted Slurry 
Feed

1.07 1.21 1.01 1.37 1.01

Duplicate 1.04 1.18 1.02 1.49 1.02
Average 1.06 1.20 1.02 1.43 1.02

C104-002

Relative Percent 
Difference

3% 2% 1% 8% 1%

C104-006a Washed Slurry 1.22 1.28 NA 1.43 0.98

C104-009 a Reconstituted
Washed Slurry

1.16 1.18 NA 1.34 1.00

Final Slurry 1.13 1.18 NA 1.38 1.00
Duplicate 1.14 1.18 NA 1.36 1.01
Average 1.14 1.18 NA 1.37 1.00

C104-
FINAL

Relative Percent 
Difference

1.0% 0% NA 2% 1%

a Insufficient sample for duplicate analysis.
NA = insufficient settled liquid for density measurement.

Table 3.11.  Wt% and Vol% Solids Data for C-104 Slurry Feed Samples

Sample Description
Wt%

Settled
Wt%

Centrifuged
Vol%
Settled

Vol%
Centrifuged

Wt%
Total

Diluted Slurry Feed 35.4 16.0 31.3 12.5 10.4
Duplicate 30.5 13.4 26.9 9.4 9.0
Average 33.0 14.7 29.1 11.0 9.7C104-002
Relative Percent 
Difference

15% 18% 15% 28% 14%

C104-006a Washed Slurry 98.1 54.2 93.8 46.2 24.9
C104-009 a Reconstituted

Washed Slurry
96.8 58.3 95.0 50.6 22.1

Final Slurry 98.9 52.1 95.2 42.8 21.7
Duplicate 98.4 49.7 95.2 41.7 20.8
Average 98.6 50.9 95.2 42.2 21.2C104-FINAL
Relative Percent 
Difference

1% 5% 0% 3% 4%

a Insufficient sample for duplicate analysis.
Note:  Wt% in this table includes interstitial liquid.
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The density of the bulk slurry follows a trend expected from the processing flow.  The diluted feed 
had a bulk density of 1.06 g/mL.  Following washing and concentration, this density increased to 1.22 
g/mL and then dropped to 1.16 g/mL following the reconstitution step.  The material was then washed 
with only a small change in the density (a drop from 1.16 to 1.14 g/mL).  The density of the settled solids 
followed this same trend except there was no final drop in density following the final washing.  The 
density of the centrifuged solids, probably a much better measure of the actual solids density, did not vary 
significantly during the testing, although some variability between samples is apparent.  The initial 
centrifuged solids density for the duplicates were 1.37 and 1.49 g/mL.  The values following the 
processing steps were between 1.43 and 1.36 g/mL; therefore, it is likely that the initial value of 1.49 
g/mL is high.  Ignoring this high initial value, the density of the centrifuged solids was between 1.43 and 
1.34 g/mL with no apparent trend. 

From Table 3.11, the settled solids content of the initial diluted feed was 29.1 vol%.  After the first 
washing, the settled solids content increased to >93 vol%.  Given the high level of solids, the settling 
solid wt% and vol% data for the remaining samples are all very similar and >94%.  The wt% total solids 
(dissolved and undissolved determined by drying) is the best measure of the solids content in Table 3.11 
and follows the trend expected from the process flow.  The initial total solids were 9.7 wt%.  After 
washing, this increased to 24.9 wt% and then dropped to 22.1 wt% following reconstitution.  The solids 
content then decreased slightly following the final processing steps to 21.2 wt%.  This is the same trend 
seen in the bulk slurry density discussed above, showing that the trend in bulk density is the result of the 
trend in solids content. 

An additional calculation was performed to determine the wt% solids in the samples, excluding all 
interstitial liquid (wt% undissolved solids).  This wt% undissolved can also be thought of as the solids left 
if all the supernatant could be removed from the bulk slurry.  The following equation was used:

(3.4)

This calculation assumes 1) that the supernatant and the interstitial liquid have the same composition, 
and 2) that all mass loss during the drying of the centrifuged solids is water loss from interstitial liquid.
The results of this calculation are listed in Table 3.12 along with the weight percent dried residue from the 
centrifuged solids (Solids Residue=Mcs/Mdcs × 100%), and dried centrifuged supernatant (Supernatant 
Residue= Mdsl/Msl × 100%).

Table 3.12 shows that the wt% undissolved solids in the initial diluted feed was 6.9 wt%.  Following 
initial washing, the undissolved solids content was increased to 24 wt% and decreased to approximately 
21 wt% following water additions for reconstitution.  The undissolved solids content decreased slightly to 
20 wt% following the final treatment steps.  This trend is what would be expected based on the process 
flow as well as the trend observed in bulk density and wt% total solids content discussed above.
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Table 3.12. Results of Wt% Residual Solids and Undissolved Solids Calculation Following 
Drying at 105°C for 24 h

Sample Description

Wt% Residual 
Centrifuged

Solids

Wt% Residual 
Centrifuged
Supernatant

Wt%
Undissolved

Solids

Average
Wt% Undissolved 

Solids
Diluted Slurry 
Feed

49.1 3.1 7.6
C-104-002

Duplicate 47.9 3.1 6.2
6.9

C-104-006a Washed Slurry 45.2 10 24 NA

C-104-009 a Reconstituted
Washed Slurry

37.6 0.5 22 NA

Final Slurry 40.5 1.4 21C-104-
FINAL Duplicate 40.4 1.5 20

20.5

a Insufficient sample for duplicate analysis.

3.4 Rheological Property Results

The C-104 slurries were analyzed for shear stress as a function of shear rate from approximately 0.1 
to 300 s-1 according to procedure BNFL-TP-29953-010.  Several of the final slurry samples were also 
analyzed from 0.1 to 1000 s-1.  The slurries were analyzed using a Haake M5 measuring head modified 
for hot cell operations.  An MVI measuring geometry was used.  Samples were analyzed in duplicate at 
25°C.  A 49.9 cP standard, Brookfield lot 102298, was used to check the calibration of the instrument 
before samples were analyzed.

Prior to shear stress as a function of shear rate analysis, the samples were stirred to combine the 
separated liquid and solid layers. Shear stress as a function of shear rate data were obtained by measuring 
the shear stress produced at a specific shear rate.  The shear rate was gradually increased from 
approximately 0.1 to 300 s-1 (0.1 to 1000 s-1 in some cases) generating the increasing shear rate curve, and 
then back down to 0.1 s-1 generating the decreasing curve.  The shear rate analysis was conducted again 
with the same sample still in the instrument.  A difference between the first and second run would 
indicate potentially unusual behavior in the samples including (but not limited to) settling of the solids 
within the instrument, the sample being effected by shearing in the instrument, or water loss through 
evaporation. The sample cup was then cleaned and a duplicate sample was analyzed using the same 
parameters.

The tabular results for viscosity and yield stress are listed in Table 3.13.  The rheograms are presented
in Figures 1 though 18 in Appendix F.  The initial diluted slurry displayed a nearly linear relationship 
between shear stress and shear rate over the shear rate range examined with no detectable yield stress.
This is referred to as Newtonian behavior.  Since the viscosity is the ratio of the shear stress to the shear 
rate, the viscosity was nearly constant (between 2 and 4 cP) over the shear rate range examined.
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Table 3.13.  Viscosity and Yield Stress for C-104 Slurry Samples During Increasing Rate Analysis

Viscosity (cP)

Sample Sample Analysis
Yield
Stress (Pa)

100 s-1

Increasing
Curve

100 s-1

Decreasing
Curve 300 s-1 1000 s-1

1 ND 3 NA 2 NM
1

2 ND 4 NA 2 NM
1 ND 2 NA 2 NM

Diluted Slurry
2

2 ND 2 NA 2 NM
1 20–38a 300 182 76 NM

1
2 27 270 191 85 NM
1 25–40a 360 240 110 NM

Washed Slurry
2

2 28 300 230 103 NM
1 3 38 21 13 NM

1
2 2 29 21 11 NM
1 2 28 21 11 NM

Reconstituted
Washed Slurry

2
2 3 41 25 14 NM
1 3 42 27 18 NM
2 3 37 34 16 NM1
3 3 35 31 14 7
1 3 40 33 15 8

Final Slurry

2
2 3 37 31 16 8

ND = Yield stress not detected or below 1 Pa.
NA = Thixotropy not observed.
NM = Not Measured.
a  Thixotropy makes interpretation of yield point difficult.

The remaining slurry samples had a much higher solids content.  As a result of this higher solids 
content, the rheological behavior is more complex.  These materials exhibited a yield stress along with a 
non-linear relationship between shear stress and shear rate.  The concentrated washed slurry and the 
reconstituted washed slurry exhibit behavior referred to as yield pseudoplastic. These samples also exhibit 
a higher viscosity on the increasing shear rate curve portion of the curve than on the decreasing shear rate
portion of the curve.  This shear history dependence is referred to as thixotropy.  Thixotropy was greatest 
for the washed slurry as would be expected given this material has a higher solid content compared to the 
other C-104 slurry samples.  High solids concentrations provide more opportunity for particle 
interactions--one of the primary causes of thixotropy.

For a yield pseudoplastic, the viscosity, or resistance to flow, decreases as the shear rate increases.
This is an important parameter when considering transport, processing or pumping.  Pseudoplastic 
behavior is common for emulsion, suspensions and dispersions. Under shear conditions, particles find an 
orientation more conducive to flow, reducing the particle contribution to resistance.  This reduces the 
apparent viscosity. When the material is pseudoplastic without thixotropy there are no shear history 
effects, so when the shear rate drops the apparent viscosity climbs back up as the particle orientation is 
lost.  However, with thixotropy a more complex system exists.  Slurries that exhibit thixotropy usually 
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form a structured network of some kind within the slurry.  This structure is easily broken down under the 
influence of shear but will begin rebuilding when the shear forces are decreased or removed.  If a 
thixotropic liquid is measured at a constant shear rate, the apparent viscosity will drop asymptotically 
with time until it reaches the sol-state, or lowest viscosity achievable at that shear rate. The sol-state
numbers can not be acquired from a standard rheogram.  The combination of pseudoplastic and 
thixotropic behavior in the C-104 slurries is consistent with testing done on other tank waste slurries.

3.5 Particle Size Distribution Results

The particle size distributions (PSDs) of the initial slurry (sample CUF-C104-001), the water washed 
slurry (sample CUF-C104-007), and the final slurry (sample CUF-C104-012) are described below.  The 
first sample was C-104 that was fed into the CUF and diluted to 6.9 wt% solids (initial slurry).  The 
second sample was the slurry that was taken at the end of the washing steps (washed slurry).  The third 
sample was the final slurry, which was caustic leached and was caustic washed twice (final slurry). The 
sample number associated with each cross flow filtration experimental step is presented in Table 2.3 and
the experimental process is described in detail in Section 2.

A Microtrac X-100 Particle Analyzer and a Microtrac Ultrafine Particle Analyzer (UPA) were both 
used to measure the PSD of these samples. The operation of Mircotrac X-100 and Microtrac UPA 
analyzers were checked against NIST traceable standards from Duke Scientific Corporation.  The PSD 
results of NIST traceable standards are documented in Appendix H.

The Microtrac X-100 Particle Analyzer measures particle diameter by scattered light from a laser 
beam projected through a stream of the sample particles diluted in a suspending medium.  The amount 
and direction of light scattered by the particles is measured by an optical detector array and then analyzed
to determine the size distribution of the particles.  This measurement is limited to particles with diameters 
between 0.12 and 700 µm.  The Microtrac UPA measures particle diameter by Doppler-shifted scattered 
light.  This method is limited to particles with diameters between 3 nm and 6.5 µm.

The PSDs of these three samples and their duplicates were measured on the Microtrac X-100 after
applying a variety of circulation time, circulation flow rate, and sonication treatments.  The treatments in 
successive order included 1) circulation at 40 mL/s, 2) circulation at 60 mL/s, 3) circulation at 60 mL/s 
with 40 W sonication for 90 seconds, and 4) circulation at 60 mL/s with 40 W sonication for 90 seconds 
for the second time.  The PSDs of these three samples and their duplicates were then repeated using the 
Microtrac UPA under conditions of Brownian motion.  For each sample replicate, the PSD was measured 
three times and averaged.  The PSD of the averaged data on a volume-weighted basis and on a number-
weighted basis is reported.  The suspending medium for these analyses were surrogate supernatants based 
on the ICP-AES and IC data obtained for the applicable C-104 supernatant.  The composition of these 
three supernatants is reported in Table 3.14.
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Table 3.14.  Surrogate Supernatant Composition

Initial Slurry Water-Washed Slurry Final Slurry

Component Concentration (M) Concentration (M) Concentration (M)
NaNO3 5.64 E-02 - -
NaOH 6.87 E-01 1.12 E-01 3.02 E-01
Al(NO3)3 - 9 H2O 8.61 E-03 5.30 E-03 -
Na2C2O4 3.64 E-02 1.36 E-03 -
Na2SO4 1.03 E-02 8.33 E-04 -
Na2HPO4 - 7 H2O 7.90 E-03 - 9.47 E-04
NaCl 1.84 E-02 1.98 E-03 -
NaNO2 2.07 E-02 1.04 E-02 6.52 E-04
NaHCO2 1.19 E-01 7.44 E-03 1.21 E-02
Na2CO3 1.85 E-01 1.12 E-02 1.58 E-02
Al(OH)3 - - 9.81 E-02

In Appendix H, the PSD plots for the samples and their duplicates under all conditions measured are 
presented in volume-weighted distribution and number-weighted distribution form. The number-
weighted PSD is computed by counting each particle and by weighting all the particle diameters equally.
The volume-weighted PSD, however, is weighted by the volume of each particle measured, which is 
proportional to the cube of the particle diameter.  In this case, larger particles are treated as more 
important in the distribution than the smaller particles.   In general, the PSD plots show that under all
conditions the samples were polydispersed, and as a result the mean size of the volume distribution is 
much larger than the mean size of the number.

In Figure 3.12, the averaged PSDs for the initial slurry, water-washed slurry, and final slurry in 
cumulative under-size-percentage form are presented for the Microtrac X-100 system.  The volume-
weighted PSDs for these samples are illustrated in Figure 3.13.  The reproducibility of the two replicate 
PSD plots for each sample (initial slurry, water-washed slurry and final slurry) suggest that the slurry was 
thoroughly homogenized and each extracted sample was a representative specimen.  The cumulative 
under-sized-percentage plots using the UPA system (see Figure 3.14) show the samples and their 
duplicates.  There is more scatter between the sample and its duplicate.  Because of settling and the 
smaller sample size, reproducibility is more difficult to achieve with this instrument.

The PSD analysis (Figures 3.12 and 3.14 combined) of all three C-104 slurry samples indicate that 
the large majority (> 99 %) of the volume and number of the particles have diameters greater than 0.2 and 
less than 50 µm.  On a volume-weighted basis, approximately 80% of the particles in the initial slurry 
sample and 90% of the particles in the water washed slurry were greater than 1µm, whereas only 50% of 
the particles in the caustic leached slurry were greater than 1µm.  In general the plots indicate a reduction 
in particle size from the initial slurry to the final slurry.
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Diameter Size (microns)
Volume-Weighted Cumulative Under-Size Percentage Distribution of C104 Samples at 40 mL/s.
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Diameter Size (microns)
Number-Weighted Cumulative Under-Size-Percentage Distribution of C104 Samples at 40 mL/s.
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Figure 3.12. Cumulative Under-Size Percentage Distribution for C-104 slurries using 
the Microtrac X-100
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Diameter Size (microns)
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Figure 3.13.  Volume-Weighted Distribution for C-104 Slurries Using the Microtrac X-100
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Figure 3.14. Cumulative Under-Size Percentage Distribution for C-104 Slurries Using 
the Microtrac UPA
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The volume-weighted distribution plots (see Figure 3.13) of the initial slurry and the final slurry show 
a bimodal distribution formed from overlapping two Gaussian distribution peaks.  While the water 
washed slurry distribution plots show a tetramodal distribution.  The major particle-size peaks along with 
the relative volume or number percentage that each peak represents are summarized in Tables 3.15 and 
3.16.

Table 3.15.  Peak Mode Location for Volume-Weighted Particle Distribution of C-104 Samples

X-100 (40 mL/sec) UPA (Brownian Motion)

Sample Mode
Diameter

(µµm)

Vol % Mode
Diameter

(µµm)

Vol %

22.6 33 % 2.8 89 %Initial Slurry

(CUF-C104-001) 1.6 67 % 0.1 11 %

18.8 40 % 0.92 95 %

6.0 45 %

0.9 14 %

Water Washed Slurry

(CUF-C104-007)

0.25 1 %

0.22 5 %

130 3 % 2.0 60 %

1.2 75 %

Final Slurry 

(CUF-C104-012)

0.33 22 %

0.58 40 %

Volume- and number-weighted histograms of the initial slurry, water-washed slurry and the final 
slurry are presented in Figures 3.15 and 3.16 for the Microtrac X-100 system and in Figure 3.17 for the 
UPA system, respectively.  Once again, these figures indicate a reduction in particle size.   The decrease 
in the particle size distribution from the initial slurry to the water-washed slurry after pumping in the CUF 
may indicate that the solids are eroded and smaller particles or agglomerates are probably formed due to 
vigorous mixing and shearing of particles in the CUF re-circulation line. The significant reduction in the 
PSD from the water-washed slurry to the final slurry is probably attributed to the dissolution of the 
particles or agglomerates at high caustic concentration during the caustic leaching step.  In addition, the 
PSD analysis of the UPA system (Figures 3.17 and 3.18) reveal that the number of sub-micron particles 
(>0.1 µm) is reduced, and the broad distribution of particles denoted in the initial slurry is narrowed as the 
slurry was water washed and caustic leached. 
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Table 3.16. Peak Mode Location for Number-Weighted Particle Distribution of C-104 Samples

UPA (Brownian Motion) X-100 (40 mL/sec)

Sample

Mode
Diameter

(µ(µm) Num %

Mode
Diameter

(µ(µm) Num %

Initial Slurry

(CUF-C104-001)
0.3 100 % 0.06 100 %

0.8 23 %Water Washed Slurry

(CUF-C104-007)
0.2 100 %

0.2 77 %

1.9 3 %
Final Slurry 

(CUF-C104-012)
0.25 100 %

0.52 97 %
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Figure 3.15. Histogram of the Volume-Weighted C-104 Slurries Using the Microtrac X-100
at 40 and 60 mL/s Circulation Flow Rate
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Figure 3.16. Histogram of the Number-Weighted C-104 Slurries Using the Microtrac X-
100 at 40 and 60 mL/s Circulation Flow Rate
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Furthermore Figures 3.15 and 3.16 compare the volume- and number-weighted histograms of the 
three samples for the Microtrac X-100 at 40 and 60 mL/s circulation flow rate.  These plots indicate that 
as the circulation flow rate increased from the 40 mL/s to 60 mL/s a large fraction of agglomerates in the 
water-washed slurry and the final slurry were broken down.  It can be seen from Table 3.17 that the 
Reynolds numbers for the crossflow filtration and the Microtrac X-100 particle size analyzer are 
comparable.  Thus, it is speculated that in qualitative terms the particles experience similar vigorous 
mixing and shearing in the particle analyzer and crossflow filtration unit.  It should be noted that this 
comparison does not account for the kinetics of de-agglomeration as a function of circulation time. 

Table 3.17.  Calculated Reynolds Number for the Crossflow Filtration and Particle Analyzer

Crossflow Filtration System

Velocity
 Solids Loading

(wt %)
(ft/s) (m/s)

Slurry Viscosity 
(mPa.s)

Slurry Density 
(kg/m3)

Reynolds Number

6.9 2 1070 18800

22
12.2 3.7

12 1160 3400

Microtrac X-100 Particle size analyzer

Flow Rate
 Tubing Diameter 

(mm)
(ml/s) (m/s)

Slurry Viscosity 
(mPa.s)

Slurry Density
(kg/m3)

Reynolds Number

6.3 40 1.26 1.00 1 7800

6.3 60 1.90 1.00 1 12000

Following sonication (see Figure 3.18) a considerable fraction of agglomerates in the washed slurry 
and the final slurry were further broken down.  In contrast, changing the flow rate did not influence the 
PSD of the initial slurry.  The washed slurry and final slurry agglomerates are weaker than those of the 
initial slurry.  This observation may suggest that during cross-flow filtration testing of washed and caustic 
leached slurries, there could be an initial decrease in filtration flux due to rapid agglomerate breakage.
This hypothesis needs to be further validated with cross-flow filtration testing.
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4.0 Conclusions

-
following conclusions 

C-104 Crossflow Filtration

• For a slurry at 6.9 wt% insoluble solids, the average filtrate fluxes over 50 min of operation ranged 
from 0.038 to 0.083 gpm/ft2.  Over the range of conditions studied, higher axial velocities appear to 
improve the filtrate flux while lower axial velocities and higher trans-membrane pressures appear to 
foul the filter and decrease overall filtrate flux.  Based on modeling, the optimum condition for high 
solids loading over the range of conditions studied is 30 psi and 15 ft/s.

• For a slurry at 23 wt% insoluble solids, the average filtrate fluxes ranged from 0.0095 to 0.0172 
gpm/ft2 over 1 h.  This filtrate flux is 4 to 5 times less than the first matrix, although it is still nearly 
an order of magnitude larger than the required plant flux for C-104 slurry of 0.00126 gpm/ft2.  Over 
the range of conditions studied, similar to the first matrix at lower solids loading, higher axial 
velocities improve filtrate flux.  Trans-membrane pressures, in contrast, appear to have little effect.
Based on modeling, the optimum condition for high solids loading over the range of conditions 
studied is 70 psi and 15 ft/s.

• In all cases, there is a reduction in filtrate flux over time, although it is not as significant as seen in the 
case of AW-101 or AN-107 supernatants (Brooks et. al. 1999; Hallen et al. 2000).

• The filtrate decontamination factors for 241Am (ratio of concentrations in the slurry to the 
concentration in the filtrate) are > 104 to >106 for the filtrates collected, indicating excellent solid-
liquid separations.

• Filtrate fluxes at 85°C during the caustic leaching and washing were roughly 3 to 4 times higher than 
similar solids concentrations at ambient.  Elevated temperature filtration however, allowed 
precipitation of solids after the filtrate cooled.

• A statistical model of filtrate flux as a function of solids concentration, trans-membrane pressure, 
axial velocity, and run order was developed for the conditions studied.  This model could provide a 
means of comparing transmembrane pressure, axial velocity, and solids concentration without the 
induced effect of run order.

• Nitric acid (1 M) cleaning appears to be required to recover most of the clean water filtrate flux.

C-104 Wash and Caustic Leach Testing

• Dilute caustic washing removed 91% of the sodium and nearly 100% of soluble anions.
Approximately 74 and 68% of the TIC and TOC were removed during washing.  The only radioactive 
isotopes significantly removed by washing were 137Cs and 99Tc.

• The first caustic leach removed 91% of the aluminum.  This indicates that a second and third caustic 
leach is not required.  Caustic leaching also increased the removal of P and Cr as well as the water-
soluble components such as K, Li, and 137Cs.
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• Mass recoveries were close to 100%, indicating good overall mass balance closure during testing. 

• Th, Zr, U, and Fe were the analytes of highest concentration in the final composition of the final 
leached/washed sludge.

• The total mass of solids was reduced by approximately 50% during the course of water washing and 
caustic leaching.

C-104 Physical, Rheological, and Particle Size Properties

• The initial slurry sample at 6.9 wt% exhibited Newtonian behavior with a viscosity between 2-4 cP.

• The water-washed slurry that had a measured solids concentration of 24 wt% and a calculated solid 
concentration of 33 wt% was found to be yield pseudoplastic and thixotropic.(a)  With the initial 
increase in shear, the viscosity of the slurry at 100 s-1 was 300-360 cP.  During the decrease in shear, 
viscosity of the slurry at 100 s-1 was 180-240 cP.

• The final slurry samples, washed and leached, at ~ 20 wt % solids exhibited a yield pseudoplastic 
behavior with a viscosity at 100 s-1 of 30 to 40 cP.

• The decrease in the particle size distribution from the initial slurry to the washed slurry after pumping 
in the CUF may indicate that the solids are eroded and smaller particles or agglomerates are formed 
due to vigorous mixing and shearing of particles in the CUF re-circulation line. The significant 
reduction in the PSD from the washed slurry to the final caustic leached slurry is primarily attributed 
to the dissolution of the particles or agglomerates at high caustic concentration during the caustic 
leaching step.

• As the PSD circulation flow rate increased a large fraction of agglomerates in the water-washed slurry 
and the final slurry were broken down.  Following sonication, a considerable fraction of agglomerates 
in the water-washed and the final slurry were further broken down.  In contrast, changing the flow 
rate did not influence the PSD of the initial slurry.  The results indicate that the strength of the 
agglomerates in the initial slurry is stronger than the other steps.

(a) The difference in the calculated and measured solids concentration was caused by inhomogenity in the 
CUF sampling at these high solids concentrations.  For example, videos of the feed tank during this time 
showed it was not well mixed and there were large stagnant areas that appeared to be at high solids 
concentration.
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Appendix B:  Testing Mass Balance
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Appendix C:  Analytical Results
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Appendix D:  Crossflow Filtration Raw Data
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Appendix E:  Physical Properties Test Instruction
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Appendix F:  Rheograms for C-104 and Standards
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Appendix G:  Key Personnel Affiliated with C-104 Testing

Name Responsibility Telephone/email
Eugene Morrey Battelle Project Manager (509) 376-1982

eugene.morrey@pnl.gov
Dean Kurath Battelle Project Engineer (509) 376-6752

dean.kurath@pnl.gov
Kriston Brooks Ultrafiltration Task Manager, 

Filtration and CUF Testing
(509) 376-2233
kriston.brooks@pnl.gov

Paul Bredt Rheology and Physical Properties 
Measurement

(509) 376-3777
paul.bredt@pnl.gov

Stacey Hartley Statistical Analysis (509) 372-4945
stacey.hartley@pnl.gov

Mike Urie Chemical and Radiochemical 
Analysis

(509) 376-9454
mike.urie@pnl.gov

Ken Rappe CUF Design and Testing (509) 372-3918
ken.rappe@pnl.gov

Gita Golcar Particle Size Distribution 
Measurement

(509) 372-1967
gita.golcar@pnl.gov

Lynette Jagoda CUF Testing (509) 376-9951
lynette.jagoda@pnl.gov

Rick Steele Hot Cell Operations (509) 372-0038
rick.steele@pnl.gov
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Appendix H:  Particle Size Distribution Simulant Recipes and 
Experimental Raw Data
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