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EXECUTIVE SUMMARY

Development of waste treatment processes for the remediation of radioactive
wastes is currently under way at the ldaho Nuclear Technology and Engineering Center
(INTEC), located at the Idaho National Engineering and Environmental Laboratory
(INEEL). INTEC, formerly known as the Idaho Chemical Processing Plant, previously
reprocessed nuclear fuel to retrieve fissionable uranium.

Liquid waste raffinates resulting from reprocessing were solidified into a granular
calcine material. Approximately 4,000 m® of calcine are presently being stored in
concrete encased stainless steel bins at the INTEC. Greater than 99 weight percent of

the calcine is non-radioactive inert materials. By separating radioactive and non-
radioactive constituents into high and low activity fractions, a significant high-activity
volume reduction can be achieved. Prior to separation, calcine dissolution must be
performed. However, dissolution studies have shown a small percentage of solids
present after dissolution. Undissolved solids (UDS) in solution must be removed prior to
downstream processes such as solvent extraction and ion exchange. Furthermore,
residual UDS in solutions have the potential to carry excess radioactivity into low activity
waste fractions, if not removed

Filtration experiments were conducted at the INEEL using the Cells Unit Filter
(CUF) on actual dissolved H-4 calcine and dissolved Run 1027 non-radioactive pilot
plant calcine. The purpose of this testing was to evaluate the removal and operational
efficiency of crossflow filtration on slurries of various solids loadings. The solids loadings
tested were, 0.19, 2.44 (H-4) and 7.94 (1027) weight percent, respectively.

A matrix of test patterns was used to determine the effects of transmembrane

pressure and axial velocity on filtrate flux. Filtrate flux rates for each solids loading

displayed a high dependence on transmembrane pressure, indicating that pressure
filtration resistance limits filtrate flux. Filtrate flux rates for all solids loading displayed a

negative dependency on axial velocity. This would suggest axial velocities tested were
efficient at removing filter cake.

Prior to testing of actual waste slurries, baseline water runs were performed.
Filtrate flowrates observed during baseline water runs exhibited substantial decreases
despite numerous backpulses and rinses, suggesting particles that were deeply
embedded within the filter membrane as the result of shear-induced deagglomeration.
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Backpulse efficiencies were determined by calculating the ratio of average
steady state filtrate flow immediately preceding a backpulse by the average filtrate flow
for 20 minutes after backpulse. This ratio is an indication of the effectiveness of the
backpulse. Ratios may also indicate what filter mechanism is present for a specific
operating condition. These data indicate a significant limitation to back-transport for the
slurries with lower solids loadings, whereas slurries with high solids loadings showed
little or no limitation to back-transport. Data suggests backpulsing efficiency increases
with increased solids loading indicating a transition from Regime I (pressure filtration
resistance) to Regime Il (mass transport resistance) with increased solids loading. It
would appear that flowrates tested are efficient at removing filter cake from the filter
media, assisting in backpulse efficiency. Experimental results indicate that crossflow
filtration may be an effective means of removing undissolved solids from dissolved

calcine slurries.
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Evaluation and Testing of the Cells Unit
Crossflow Filter on INEEL Dissolved Calcine
Slurries

INTRODUCTION

Development of waste treatment processes for the remediation of radioactive
wastes is currently under way at the Idaho Nuclear Technology and Engineering Center
(INTEC), located at the Idaho National Engineering and Environmental Laboratory
(INEEL). INTEC, formerly known as the Idaho Chemical Processing Plant, previously
reprocessed nuclear fuel to retrieve fissionable uranium.

Liquid waste raffinates resulting from reprocessing were solidified into a granular
calcine material. Approximately 4,000 m® of calcine are presently being stored in
concrete encased stainless steel bins at the INTEC. Two primary calcine types are
present at the INTEC. They are classified as zirconium and aluminum, based on the
type of fuel reprocessing raffinates calcined. Greater than 99 weight percent of the
calcine is comprized of inert materials. By separating radioactive and non-radioactive
constituents into high and low activity fractions, a significant high-activity volume
reduction can be achieved.

Prior to separation, calcine dissolution must be performed. However, dissolution
studies have shown a small percentage of solids present after dissolution. Undissolved
solids (UDS) in solution must be removed prior to downstream processes such as
solvent extraction and ion exchange. Furthermore, UDS have the potential to carry
excess radioactivity into low activity waste, if not removed.

The Cells Unit Filter (CUF) was designed and fabricated at the Savannah River
Site and then transported to the INEEL for testing. In FY-97, the CUF unit was installed
in the Remote Analytical Laboratory (RAL) hot cell, where initial testing was performed
using actual tank waste and non-radioactive dissolved calcine (1).
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CROSSFLOW FILTRATION TECHNOLOGY

Several solid/liquid separation technologies have been tested at various DOE
sites. One potential technology under consideration is crossflow filtration. Crossflow
filtration operates differently than traditional filtration methods. Crossflow filtration
operates by recirculating the feed flow parallel to the filter membrane. The velocity of
the suspension in recirculation sweeps away particles concentrated on the filter
membrane, thereby limiting the thickness of filter cake. Permeate flows perpendicular to
the feed stream rather than parallel to the feed stream. Traditional filtration methods
such as dead-end filtration operate with feed flow and permeate flow in the same
direction. Dead-end filtration creates a concentration of particles (filter cake) on the filter
membrane (2). Figure 1 displays the comparison between traditional dead-end filtration

and crossflow filtration.

Dead-End Filtration Crossflow Filtration

Feed Flow

Pemeate

Figure 1. Comparison of traditional dead-end filtration with crossflow filtration 2).



THEORY

With all forms of filtration, the greatest hindrance to liquid flow through the filter
membrane is particle accumulation (filter cake). By utilizing a high-fluid circulation rate
parallel to the filter membrane, the accumulation of particles on the filter surface can be
minimized. Although crossflow filtration minimizes this accumulation, it does not
eliminate it.

Several mechanisms are present in a crossflow filtration systems that affect
filtrate flow. An excellent discussion by Geeting and Reynolds (3) explain the theory
surrounding two mechanisms known as mass transport resistance and pressure filtration

resistance, which are the two primary resistance’s to filtrate flux.

Back transport of solids away from the membrane and into the bulk stream is
required to prevent the cake thickness from continually increasing. Both a filter cake and
boundary layer may be present in a crossflow filtration system. A schematic
representation of crossflow filtration showing the filter membrane, the filter cake, the
boundary layer and the bulk stream is shown in Figure 2.

Particle Pressure Fluid
oncentration Difference Veloci

o o
o
Bulk Stream o o
> °© o
o) o a© O
Boundray Layer

Particle Layer

Membrane

Filtrate

Figure 2. Schematic representation of Crossflow filtration showing the filter membrane,
the filter cake, the boundary layer and the bulk stream. (Revised: Geeting, Reynolds
1996).



If the limiting resistance to filtrate flux is due to the back transport of solids away from the
membrane, then

Jmt= k In (Cw/Cb) (1)

Where:
Jmt = Mass transfer limited flux,
k = Back mass transfer coefficient

C. = Concentration at the wall
C, = Concentration in the bulk stream

If mass transport does not limit filtrate flow, then filtrate flux should vary in accordance

with Darcy’s equation for pressure filtration.

Ji= P/u (UK + Ru) @)

Where:
Ji= pressure filtration limited flux (m%m?*S)
P = filtration pressure (Pa)
1 = Liquid viscosity (Pa*S)
Rm = Filter media resitance (1/m)
L/K = filter cake resistance, where L = cake thickness (m) and K = cake permeability
(m?).
Equation 2 indicates the filtration rate J; increases when P increases, K
increases, or p decreases. The filtration rate J; decreases when L increases, and R,

increases.



Two operational regimes exist for crossflow filtration. In the first regime, the
filtrate flux is a function of pressure. In the second regime, it is not. These two regimes

are described as follows.

Regime I- Suppose a given system at steady state with set axial velocity and constant
filtration flux, Jm: as described by Equation 1. If the filtration flux described by Equation 1
is greater than that described by Equation 2 (i.e., Ju>Jj), then the filtrate flux will vary
linearly with pressure because the flux will be limited as described by Darcy’s filtration
equation (equation 2). On the other hand, for the same system at set pressure with
Jm>Ji, @n increase in velocity may or may not increase flux. An increase in axial velocity
will not result in higher filtrate flux unless it causes the resistance to decrease (thus
increasing J;). If the given axial velocity is effective at keeping the filter cake resistance
low, axial velocity will not significantly effect filtrate flux.

Regime lI- Given the same system described, with conditions such that Ju = J;. In this
regime, the flux will no longer vary with pressure. Increased pressure will bring about an
increase in cake resistance, R., (L/K) by means of growth in cake thickness or decrease
in the cake permeability (or both). While an increase in pressure may cause Ju: < J;
temporarily, velocity alone is effective in increasing the filtrate flux.

From equation 1 we see that increased solids in the feed, Cy, causes Jm; to decrease.
Therefore, increasing solids loading decreases the pressure at which Jm: = Ji, and a
given system can switch from Regime | to Regime Il merely by increasing the solids
loading in the feed.



CELLS UNIT FILTER (CUF)

A Cells Unit Filter (CUF) was fabricated at the Savannah River Site and
transferred to the INEEL for testing in FY-97. During FY-97 testing, minor modifications
were made to the CUF for operation in the Remote Analytical Laboratory (RAL) (1). No
new modifications were made before FY-98 testing, other than the replacement of the
filtrate measurement vessel that was damaged during storage.

The CUF consists mainly of stainless steel Swagelok fittings, valves and gauges.
One 0.5-micron, 0.480 inch ID, 6-inch length Mott sintered Hastelloy filter element was
used in the testing. A Moyno progressive cavity pump provided slurry feed solution,

which is contained, within the slurry reservoir. Slurry temperature is measured by a
type-J thermocouple installed in a thermowell within the slurry reservoir. A schematic of
the CUF apparatus is shown in Figure 3.

Three sets of tests were performed with the CUF system. Each set consisted of
a series of 13 experimental test conditions. Prior to each condition, two separate back
pulses were performed at 45 and 70 psig. Back pulses were conducted by opening the
V-3 back-pulse valve, filling the back-pulse chamber. The chamber is pressurized by
opening the three-way V-7 back-pulse valve until the predetermined pressure is attained.
The V-7 valve is then closed and the V-3 valve is opened allowing the pressurized filirate
to back pulse the filter.

At the completion of the second back puise, a timer was started. Filtrate flow
rates were measured by means of a fill-and-drain graduated cylinder. Filtrate flowrate
measurements were taken in five-minute increments for a span of thirty minutes. Axial
velocity, transmembrane pressure, filtrate flux and temperature data were also recorded

in addition to filtrate flow. Transmembrane pressure and axial velocity were controlled
by adjusting the pump speed and the throttle valve (V1). Figure 4 displays a
photograph of the CUF apparatus installed in the RAL.
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Figure 3. Schematic of the CUF apparatus (Tripp and Wade, 1997).



CUF installed in the Remote Analytical Laboratory.
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EXPERIMENTAL PROCEDURE

TEST CONDITIONS

Three sets of tests were performed with the CUF apparatus, each consisting of a

series of 13 experimental test conditions. These test conditions were based on a
Central Composite Response Surface Design first used by Hanford in their testing of the
CUF apparatus (3). These test conditions were determined by selecting various axial
velocities and transmembrane pressures. The initial conditions utilized by Hanford,
consisted of only 11 test conditions. A modified version was created by adding two
additional conditions at higher transmembrane pressures. These thirteen conditions
were adopted from a previous CUF test performed at the INEEL (1).

Table 1 displays the various conditions and run order used in CUF testing at the
INEEL. The center condition (1, 6 and 11) was tested three times for the purpose of
repeatability. Testing of the center condition assisted in the determination of filter fouling
at a similar axial velocity and transmembrane pressure at various stages during the test
(first, middle and last). The statistically designed experimental test conditions used in
testing the CUF apparatus at the INEEL are shown in Figure 5.

Table 1. Conditions and run order used in testing of the CUF apparatus.

Condition Axial Velocity (ft/sec) Transmembrane Pressure (psig)
1 6.0 20.0
2 7.5 27.5
3 3.0 20.0
4 6.0 5.0
5 7.5 12.5
6 6.0 20.0
7 4.5 27.5
8 6.0 35.0
9 4.5 12.5
10 9.0 20.0
11 6.0 20.0
12 6.0 45.0
13 6.0 55.0
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Figure 5. Statistically designed experimental test conditions.

BASELINE WATER RUN CONDITIONS

Baseline water runs were performed prior to the testing of actual and simulated
waste slurries. Baseline water runs assisted in the determination of filter fouling
between actual waste slurries. Approximately 800 mLs of deionized water, free from any
solids, were utilized for individual water runs. Nine test conditions were performed in
succession excluding conditions 6 and 11, which are analogous to condition 1.
Preceding each water run, the CUF unit was extensively rinsed (including several back
pulses) with deionized water until no solids were collected from the rinse solution. The
nine experimental baseline water run test conditions are shown in Table 2.

The order in which baseline water runs were performed is as follows: Water run
1, was performed in FY-97, prior to testing of actual tank waste (1). A new Hastelloy
filter was installed on the CUF unit prior to this testing. Water run 2 was performed prior
to testing in FY-98. Water run 3 was performed following the test of actual dissolved H-4
calcine slurries. Water run 4 was performed following the test of dissolved Run 1027
calcine slurries.
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Table 2. Nine experimental baseline water run test conditions.

Condition Axial Velocity (ft/sec) Transmembrane Pressure (psig)

1,6,11 6.0 20.0
2 7.5 27.5
3 3.0 20.0
4 6.0 5.0
5 7.5 12.5
7 45 27.5
8 6.0 35.0
9 4.5 12.5

10 9.0 20.0

FEED SOLUTIONS

Two slurry feed solutions were utilized in the testing of the CUF apparatus. The
first test was performed using radioactive dissoived H-4 calcine. One hundred and
ninety one (191) grams of H-4 calcine were dissolved in various molar concentrations of
nitric acid. At 98.2% dissolution, 3.44 grams of UDS remained. Eight hundred and
thirty-one (831) mLs of actual dissolved H-4 calcine were used in testing of the CUF unit.
Initial UDS present in solution were filtered and dried during dissolution studies. Initial
recovered UDS, weighing 1.99 grams, were reintroduced into solution. The
concentration of UDS in solution was 0.19 weight percent. The composition of the
dissolved H-4 calcine solution used in testing of the CUF is shown in Table 3.

The second test was performed using the same dissolved H-4 calcine slurry with
additional UDS. To increase solids loading, an additional 23.06 grams of Run 74 UDS
were added to the previous solution containing 1.99 grams. Additional UDS were
obtained at the completion of non-radioactive Run 74 calcine dissolution studies. The
combined concentration of UDS in solution was 2.44 weight percent.

The third and final test was performed using non-radioactive pilot plant
dissolved Run 1027 calcine. This solution was utilized due to the low percent of solids
that will dissolve in solution and the limited availability of actual calcine UDS precluded
testing at higher waste loadings (>0.2 wt %). Approximately 200 grams of Run 1027
pilot plant calcine was dissolved in 1000-mLs of 5 M nitric acid. At 60% dissolution,
80.08 grams of UDS remained. Approximately 800-mLs of dissolved Run 1027 calcine
slurry were utilized for testing of the CUF unit.

The concentration of solids in solution was 7.94 weight percent. Table 4 displays the
composition of the dissolved Run 1027 calcine solution (5).
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Table 3. Composition of dissolved H-4 calcine solution.

Component pg/mi M

Al 29208.1 1.08
Ca 6929.3 0.172
Cr 210.7 4.05E-3
Fe 986.0 1.76E-2
Pb 67.5 3.25E-4
Hg 5.72 2.85E-5
Ni 110.0 1.87E-3
K 1280.0 3.27E-2
Na 4020.0 0.1748
Sr 8.99 1.02E-4
Zr 325.51 3.56E-3
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Table 4. Composition of non-radioactive pilot plant dissolved Run1027 calcine (4).

Component ug/ml M
Acid N/A 3.243
Al 14900 0.552
B 136 0.0125
Ca 3690 0.0921
F N/A <0.0026
Fe 33.4 6.0E-4
NOs N/A 4.62
K 20 5.1E-4
Na 200 0.0087
Sr 7.42 8.5E-5

Zr <0.03 <3E-7
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RESULTS AND DISCUSSION

BASELINE WATER RUN RESULTS

The filtrate flowrate (mL/sec) for each of the 9 conditions performed is shown in
Figure 6. The filtrate flowrate (ml/sec) is plotted against the 9 test conditions.
Relatively high filtrate flowrates were observed for water run 1. This was expected, due
to the installation of a new Hastelloy filter prior to testing. Higher filtrate flowrates can be
observed at higher transmembrane pressures, such as conditions 2, 7 and 8. Lower
filtrate flowrates are observed in conditions with a lower transmembrane pressure.
These results confirm the Hagen-Poiseuille Equation, which accurately predicts clean
water flux through cylindrical pores (6).

n = T Apt/8VL (3)
Where:
1 = Shear viscosity
7t = 3.1415926
Ap = Pressure drop

t=Time it takes for a V volume of liquid to flow through a capillary of length L
r = Pore radius

The equation states that liquid flux is proportional to the transmembrane pressure
and inversely proportional to the liquid viscosity, which is controlied by the solute
concentration and the temperature. Therefore, increasing the pressure or the
temperature results in an increase in flux (6).

Filtrate flowrate values for baseline water runs 2, 3 and 4 are substantially lower
compared to flowrates shown in water run 1. Back pulsing was unsuccessful at restoring
the filtrate flowrate to the original values shown in water run 1. Itis apparent that
particles within the pores of the filter membrane were not removed, despite extensive
rinsing and backpulsing.

14
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Figure 6. Filtrate flowrate (mL/sec) for each of the 10 conditions tested.

DISSOLVED H-4 CALCINE (0.19 wt%)

Figure 7 displays the filtrate flux (gpm/ft®) for conditions 1 through 13 as a
function of time (minutes) since back pulse. A substantial decrease in flux is observed
through the first 5 minutes, after which the rate of decline lessens substantially. Steady
state is achieved at approximately 25 minutes since back pulse. Back pulses prior to
each condition appear to restore filtrate flux, however, considerable filter fouling is
observed within 5 minutes after back pulse. The rate of filter cake accumulation is
slightly less than rates observed at higher solids loadings. At twenty minutes from back
pulse, an increase in flux is observed for conditions 4 and 13. One theory, which might
explain the random increase in flux, is the accumulation and dispersion of particles on
the needle valve (V-1).
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Figure 7. Filtrate flux as a function of time since back pulse for conditions 1 through 13

at 0.19 weight percent solids loading.
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Figure 8 displays the filtrate flux as a function of time (minutes) since back pulse
for conditions 1, 6 and 11, all tested at 6 ft/s axial velocity and 20 psig transmembrane
pressure. Filtrate flux values appear to be very similar, despite a slight variance in initial
flux. Filtrate flux values for conditions 6 and 11 are shown slightly higher than condition
1 at time zero. This would suggest inconsistent backpulse techniques. This theory is
confirmed by the union of all three conditions at five minutes since backpulse.

0.30 —e— Condition 1

0.25 —=— Condition 6
0.20 - Condition 11

0.15 -

o
)

/;
/

Ay
\{*‘\‘
O . 05 L)

Filtrate Flux (gpm/ft2)

0.00 - . [
0 10 20 30 40

Time Since Backpulse (minutes)

Figure 8. Filtrate flux as a function of time since backpulse for conditions 1, 6 and 11, at
0.19 weight percent solids loading.
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Figure 9 displays filtrate flux (gpm/ft?) as a function of transmembrane pressure
(psig) for 0.19 weight percent solids loading. Average filtrate flux and transmembrane
values were applied using only those conditions operating at 6 fi/s axial velocity. Filtrate
flux values are approximately linear with transmembrane pressure indicating that mass
transport does not limit filtrate flux. Filtrate flux is pressure dependent as described by

Darcy’s filtration equation (Equation 2).

Figure 10 displays the filtrate flux (gpm/ft?) as a function of axial velocity (ft/s) for
0.19 weight percent solids loading. Average filtrate flux values were applied using only

those conditions operating at 20 psig transmembrane pressure. Inspection of Figure 10
indicates that filtrate flux is inversely proportional to axial velocity. Increases in axial
velocity would not increase filtrate flux. It is possible that very little cake resistance is

present. This could be a factor of two things: 1) low solids loading in solution, or 2) axial

velocities sufficient at keeping filter cake resistance low.
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DISSOLVED H-4 CALCINE (2.44 wt%)

Figure 11 displays the filtrate flux (gpm/ft?) for conditions 1 through 13 as a
function of time (minutes) since backpulse. A distinct decrease in flux is observed
through the first 5 minutes, after which the rate of decrease lessens. Steady state is
achieved at approximately 20 minutes since backpulse. Back pulsing prior to each
condition appears to restore filtrate flux, however flux quickly diminishes. Steady state is
achieved sooner than with the lower solids loading of 0.19 weight percent. This would
indicate that the formation of the filter cake is achieved much sooner compared to lower

solids loadings.
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Figure 11. Filtrate flux as a function of time since backpulse for conditions 1 through 13

at 2.44 weight percent solids loading.
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Figure 12 displays the filtrate flux as a function of time (minutes) since backpulse
for conditions 1, 6 and 11 all tested at 6 ft/s axial velocity and 20 psig transmembrane
pressure. Filtrate flux values appear to be very similar, despite a slight variance in initial
flux. Similar variations were observed in testing at 0.19 weight percent. Filtrate flux
values for condition 6 are slightly higher than condition 1 at time zero. This would
suggest inconsistent backpulse techniques. This theory is confirmed by the union
of all three conditions at approximately five minutes since backpulse.
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Figure 12. Filtrate flux as a function of time since backpulse for conditions 1, 6 and 11

at 2.44 weight percent solids loading.
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Figure 13 displays filtrate flux (gpm/ft®) as a function of transmembrane pressure
(psig) for 2.44 weight percent solids loading. Average filirate flux and average
transmembrane pressure values were applied using only those conditions operating at 6
ft/s axial velocity. The filtrate flux is approximately linear with transmembrane pressure,
indicating that filtrate flux is pressure dependent, as described by Darcy’s filtration
equation. However, it should be noted that the slope of filirate flux as a function of
transmembrane pressure greatly decreases with additional solids loading. This would
indicate that at higher solids loadings, filtrate flux is less dependent on transmembrane

pressure.

Figure 14 displays a plot of filtrate flux (gpm/it®) as a function of axial velocity
(ft/s) for 2.44 weight percent solids loading. Average filtrate flux values were applied
using only those conditions operating at 20 psig transmembrane pressure. Inspection of
Figure 14 indicates that filtrate flux is inversely proportional to axial velocity. An increase
in axial velocity would not increase filtrate flux. It should also be noted that the slope of
filtrate flux as a function of axial velocity gradually decreases with increased solids
loading.
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Figure 13. Filtrate flux as a function of transmembrane pressure at 3.7gpm (averages)
for 2.44 weight percent solids loading.
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Figure 14. Filtrate flux as a function of axial velocity at 20 psig (averages) for 2.44
weight percent solids loading.
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NON-RADIOACTIVE DISSOLVED RUN 1027 PILOT PLANT CALCINE

(7.94 wt%)

Figure 15 displays the filtrate flux (gpm/ft) for conditions 1 through 13 as a
function of time (minutes) since backpulse. A substantial decrease in flux is observed

through the first 5 minutes, after which a steady state is achieved. Steady state is

achieved sooner than with previous tests at lower solids loading. This would indicate
that formation of filter cake is achieved sooner compared to fower solids loading. Back

pulsing prior to each condition appears to restore filtrate flux; however, severe filter

fouling is evident after five minutes since backpulse.
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Figure 15. Filtrate flux as a function of time since backpulse for conditions 1 through 13

at 7.94 weight percent solids loading.
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Figure 16 displays filtrate flux as a function of time (minutes) since backpulse for

conditions 1, 6 and 11, all tested at 6 ft/s axial velocity and 20 psig. Filtrate flux rates for
conditions 6 and 11 are shown slightly higher than condition 1 at time zero. This would
suggest inconsistent backpulse techniques. This theory is confirmed by the union of all
three conditions at five minutes since backpulse. Similar variations observed during
testing of 0.19 and 2.44 weight percent solids loading imply inconsistent backpulse
techniques performed for all tests. Despite variations of filtrate flux, backpulses appear
to restore filter performance. Nevertheless, increased filtrate flux could be achieved by
optimizing backpulse techniques.
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0.25 —=— Condition 6
0.20 Condition 11
0.15

0.10

0.05 k

0.00 T - T .

Filtrate Flux (gpm/ft2)

Time Since Backpulse (minutes)

Figure 16. Filtrate flux as a function of time since backpulse for conditions 1, 6 and 11
at 7.94 weight percent solids loading.
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Figure 17 displays filtrate flux (gpm/ft?) as a function of transmembrane pressure
(psig) for 7.94 weight percent solids loading. Average filtrate flux and average
transmembrane pressure values were applied using only those conditions operating at 6
ft/s axial velocity. Filtrate flux values are approximately linear with transmembrane
pressure, indicating that mass transport does not limit filtrate flux. Filtrate flux is
pressure dependent as described by Darcy’s filtration equation (Equation 2). The curve
fit equation displays a low slope value, indicating that filtrate flux is less dependent on
transmembrane pressure compared to lower solids loadings.

Figure 18 displays the filtrate flux (gpm/ft®) as a function of axial velocity (ft/s) for
7.94 weight percent solids loading. Average filirate flux values were applied using only
those conditions operating at 20 psig transmembrane pressure. The negative slope
indicates that filtrate flux is inversely proportional to velocity. An increase in axial

velocity would not result in a higher filtrate flux unless it causes the resistance to
decrease. Axial velocities present are sufficient at removing filter cake even at higher

solids loadings (7).
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Figure 18. Filtrate flux as a function of axial velocity at 20 psig (averages) for 7.94

weight percent solids loading.
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SOLIDS LOADING COMPARISON

Figure 19 displays the filtrate flux as a function of transmembrane pressure for
0.19, 2.44 and 7.94 weight percent solids loading, respectively. The filtrate flux
dependence on transmembrane pressure is approximately linear for all solids loadings,
specifying the operating regime as Regime |. A decrease of both slope and filtrate flux
are observed with the increased solids loading. A gradual decrease of transmembrane
pressure dependence can be observed with increased solids loading. These data
suggest a gradual transition from Regime | to Regime ll. From Equation 1, increased

solids in the feed, Gy causes Jn to decrease. Therefore, increasing solids loading
decreases the pressure at which Jny = J; and a given system can switch from Regime | to
Regime Il by simply increasing solids loading in the feed (3). Additional increases in
solids loading would incite the critical value at which the filtrate flux looses its

dependence on pressure.
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Figure 19. Filtrate flux as a function of transmembrane pressure for 0.19, 2.44 and 7.94
weight percent solids loading.
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Figure 20 displays filtrate flux as a function of axial velocity for 0.19, 2.44 and
7.94 weight percent solids loading, respectively. Decreases in slope and filtrate flux are
observed with increased solids loading. Axial velocities are sufficient at removing filter
cake, despite operating in Regime I. Additional increases in axial velocity will not
increase filtrate flux. The operating system, at the highest solids loading, suggests the
system is approaching Regime II.

Filtrate flux rates observed were substantially lower than expected. This

decrease possibly suggests particles deeply embedded within the filter membrane. One
theory proposed by Peterson and Nash (1995), that could possibly explain decreases in
filtrate flow, describes the formation of a filter cake within the pores of the filter (and
extending to barely cover the surface of the filter) (4). A similar phenomenon observed
by Murkes and Carlsson (1988) describes a decrease in flux due to internal plugging of
the pores (7). Additional data displaying a substantial decrease in filtrate flow during
baseline water run 2 confirm this theory. Shear deagglomeration is believed to be the
main cause of filter fouling. Shear deagglomeration decreases particle size, which can
induce internal plugging and/or lessen filter cake permeability. Moreover, if such a filter
cake exists, increases in axial velocity would neither effect the cake and/or filtrate flux,
since the filter cake would not be exposed to the bulk slurry.

0.08
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Figure 20. Filtrate flux as a function of axial velocity for 0.19, 2.44 and 7.94 weight
percent solids loading.
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FILTER EFFICIENCY

Two, 200-mL effluent samples were collected to determination filter efficiency.
Samples were taken by way of the V-6 filtrate-sampling valve. Filtrate samples were
filtered through a Cole-Parmer 500mL, 0.45-micron filter unit and weighed. The
remaining weight was used to determine filter efficiency. One sample was collected
utilizing the dissolved H-4 calcine containing 2.44 weight percent solids loading. The
second 200-mL sample was collected utilizing dissolved 1027 pilot plant calcine
containing 7.94 weight percent solids loading. Each sample was obtained following two
backpulses at the completion of condition 13. Filter efficiency calculations using the 2.44
and 7.94 weight percent solids loadings filtrate effluents are shown in Table 5.

Table 5. Filter efficiencies for 2.44 and 7.94 weight percent solids loading.

Sample H-4 (2.44 wt%) 1027 (7.94 wt%)

Tare wt.

(Filter Unit) 68.160 g 56.532 ¢

Gross wt.

(UDS & Filter Unit)  68.214g 56.547 g

Remaining UDS 0.054g (0.00031 wt%) 0.015g (0.000094 wt%)
Reduction in

solids loading 99.989% 99.999%

Previous studies have estimated that approximately 99.9 and 99.99% removal
efficiency must be achieved In order to meet NRC Class A LLW requirements (8).
Based on the results from this test, UDS reduction appears to meet the 99.9 and 99.99
removal efficiency. '

Evaluation of the CUF apparatus utilizing feed slurries with increased solids loading was
achieved by combining several batches of UDS. However, actual calcine feed solutions
(excluding, stainless steel, dolomite and aluminum calcines) are expected to contain
much lower solids loadings (0.15 to 0.25 wt%).
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BACKPULSE EFFICIENCY

Backpulse efficiency can be determined by calculating the backpulse ratio (BP).
The magnitude of the backpulse ratio is an indication of the effectiveness of the
backpulse (4). High backpulse ratios suggest it is relatively easy to keep rejected
particles from becoming part of the filter cake (and to transport the particles from the
surface of the filter). Lower backpulse ratios suggest a faster development of filter cake
(a result more indicative of the presence of a significant limitation to backtransport). The

backpulse ratio is defined as:

BP = Average filtrate flow for 20 minutes after backpulse

Average steady state filtrate flow before backpulse

The backpulse ratios for 0.19, 2.44 and 7.94 weight percent solids loadings are
shown in Figure 21. Backpulse ratios for 0.19, 2.44 and 7.94 weight percent solids
loading slurries are 1.5, 2.1 and 3.4, respectively. These data indicate a significant
limitation to back-transport for the slurries with lower solids loadings. The 7.94 wi%
solids slurry displays a higher backpulse ratio, suggesting back-transport of solids from
the filter surface back into the feed stream.

Data suggest backpulsing efficiency increases with increased solids loading,
indicating a transition from Regime | (pressure filtration resistance) to Regime Il (mass
transport resistance) with increased solids loading. It would appear that flowrates tested
are efficient at removing filter cake from the filter media, assisting in backpulse

efficiency.
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Figure 21. Backpulse ratios for 0.19, 2.44 and 7.94 weight percent solids loadings.
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CONCLUSIONS

The evaluation of cross flow filtration for the removal of UDS present in radioactive H-4

dissolved calcine and non-radioactive Run 1027 dissolved calcine is presented in the

following conclusions.

Solids loading in radioactive H-4 dissolved calcine was reduced from 2.44 weight
percent to 0.00031 weight percent solids (99.987%).

Solids loading in non-radioactive Run 1027 pilot-plant dissolved calcine was reduced
from 7.94 weight percent to 0.000094 weight percent solids (99.998%).

Filtrate flux rates for all solids loadings displayed high dependencies for
transmembrane pressures indicating filtrate flux is controlled by Darcy’s Equation.
Moreover, filtrate flux rates for all solids loadings displayed negative dependencies
for axial velocity, suggesting that all axial velocities tested were effective at removing

filter cake

Back pulsing proved to be beneficial at restoring filtrate flux, however, initial baseline
filtrate flux rates were not achieved. Shear induced deagglomeration is believed to

be the main cause of filter fouling.

Backpulse efficiencies were determined by a ratio of average steady state filtrate
flow immediately preceding a backpulse and the average filtrate flow for 30 minutes
after backpulse. Backpulse ratios indicate limitations to backtransport for lower

solids loadings, while higher solids loadings suggest a more efficient backtransport of
solids from the filter back into the feed stream.

Filtrate flux rates observed at time zero, displayed variations for recurrent conditions
1, 6 and 11. This would indicate backpulse procedures performed during testing
were inconsistant.
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e Cross flow filtration was effective at filtering 0.19, 2.44 and 7.94 weight percent solids
loading and is a viable method for the removal of UDS from INEEL dissolved calcine
slurries.
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RECOMMENDATIONS
Based on the results from this study, the following recommendations are made.
» Evaluate chemical filter cleaning techniques to reduce the amount of filter fouling
without dissolving the filter media. Moreover, evaluate the effect of smaller pore size

filters on internal plugging.

e Evaluate more consistent backpulsing procedures.

o Evaluate the corrosive properties of baseline and alternative filter media.
e Analyze and characterize UDS for other INEEL dissolved calcine slurries.

e Fabricate and test a bench-scale cross flow filtration apparatus on pilot plant calcine

slurries.
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APPENDIX:
EXPERIMENTAL DATA
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Dissolved H-4 Calcine (0.19 wt %)
CONDITION (1) 6ft/s axial velocity (3.7 gpm in flowmneter) 20.0 psig transmembrane pressure

. Timg'since Timg _ Fittrate” Fiftrate Flux: - Flowmeter TrangMembrane  [Temp.
. - Backpulse (min) (sed) | Amount(ml) (opm/ER2) - ... Reading tgpm) - . Prassura {psig) c
0 64.78 30 0.108 3.62 21.5 38
5 43.04 15 0.081 35 21.5 38
10 53.54] 15 0.065 3.71 21.0 39
15 60.49 15 0.058 3.8 21.0 40
20 65.42 15 0.053 3.82 20.5 40
25 69.98 15 0.050 3.85 20.0 40
30 75.17 15 0.047 4.1 20.0 41
CONDITION (2) 7.5 ft/s axial velocity (4.6 gpm In flowmeter) 27.5 psig transmembrane pressure
Time since Time Filvate " Filtrats Flux ’ Flowmater . TransMembrane | 1emp,
Backpulse {min) - . | (sec) |. Amount(mL) {gomiEe) - .Reading (gom} - Pressurg (psiq) c
0 23.07 15 0.152 4.5 27 42
5 37.53 15 0.093 4.64 275 43
10 47.6 15 0.073 4.59 275 44
15 §2.5 15 0.067 4.76 275 44
20 58.48 15 0.060 4.8 28 45
25 58.72 15 0.060 4.85 28 45
30 62.04 15 0.056 4.88 28 486
CONDITION (3) 3.0 ft/s axial velocity (1.8 gpm in flowmeter) 20.0 psig ransmembrane pressure
Time sincg - - | Time Fiitrate' . Filtratg Flox ©° Flowmster . Trans Membrane Tomp:
Backpulss {min) .. . 1 {sec) | Amount(mLl) . {Qpm/EtR) . . . ‘Reading tapm) Pressute (psig) c
0 24.99 15 0.140 1.67 20 44
5 37.92 15 0.092 1.76 20 43
10 48.53 15 0.072 1.76 20.5 43
15 56.48 15 0.062 1.7 20.5 42
20 59.43 15 0.059 1.71 21 42
25 67.72 15 0.052 1.69 21 41
30 70.23! 15 0.050 1.7 21.5 41
CONDITION (4) 6.0 ft/s axial velocity (3.7 gpm in flowmeter) 5.0 psig transmembrane pressure
S - Time slncg - Time - Filtrate' Fitrgte'Flux - * Flowmster - © Trans'Membrang Temp.
Backpulse {miin) {sac) | Amount{mt} (om/FR) - - Reading (apm)’ . Pressure (pslg) c
0 65.47 15 0.053 3.6 5 38
5 81.1 15 0.043 3.6 5 38
10 90.98 15 0.038 3.64 5 38
15 100.32 15 0.035 3.5 5 38
20 34.79 15 0.101 3.75 5 37|
25 36.18 15 0.097 3.75 5 37
30 35.97| 15 0.097 3.68 5 37
CONDITION (5) 7.5 ft/s axial velocity (4.6 gpm in flowmeter) 12.5 psig transmembrane pressure
P Ting'since . Times Filtrate™ * Filtrats Flux . Flowmeter - TrangiMembrane Temp.
: Backpulse (min) {sect" | -Amount (mb} {gpnifF2). " Reading (gpm) Pressure:{psig) (o]
0 26.6 15 0.131 4.5 12.5 38
5 54.73 15 0.084 4.55 125 38
10 60.78 15 0.058 4.55 125 38
15 72.97 15 0.048 4.58 13 38
20 76.78 15 0.046 4.5 125 38
25 82.17 15 0.043 4.56 13 39
30 80.78 15 0.043 4.6 13 39
CONDITION (6) 6 ft/s axial velocity (3.7 gpm in flowmeter) 20.0 psig transmembrane pressure ﬁ
Tmasiics - T'Time [ TFilate. | - FIWaGFLK < |, Flowmeter . |  TiansMombrans  |Temp.
-~ Bacloulse (min). - {s8e) 1 - Amount {ml) ClopmiFy - Reading (gpm).. Pragsure {psig) c
0 56.16 30 0.125 38 20 40
5 42.38 15 0.083 3.8 20 40
10 53.97 15 0.065 3.77 19.5 40
15 57.17 15 0.061 3.82 20 40
20 66.66 15 0.052 3.87 20.25 40
25 70.85 15 0.049 3.85 20 40
30 78.1 15 0.045 3.82 19.5 40
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CONDITION (7) 4.5 ft/s axial velocity (2.8 gpm in flowm

eter) 27.5 psig ransmembrane pressure

Time since Time Filtrate - Filtrate Flux Flowmeter Trans Membrane Temp.
Backpulss (min) {sec} | Amount(mL) {gPMIER) - . Reading (cpm) Pressure (psig) c
0 20,91 15 0.167 2.8 275 40
5 35.06 15 0.100 28 28 4
10 45.68 15 0.077 2.75 28 41
15 60.32 15 0.058 2.83 28.25 41
20 58.16 15 0.060 238 28 41
25 64.35 15 0.054 2.82 28.5 41
30 68.66 15 0.051 2.81 28.5 41
CONDITION (8) 6 f/s axial velocity (3.7 gpm in flowmeter) 35 psig transmembrane pressure
Time since Time Filtrate . Filtrate Flux Flowmeter Trans Membrans Temp.
Backpulse (min) {sec) | Amount(mL} {opm/Er2) Reading (gpm) FBressure (psig) (o]
0 18.8 15 0.186 3.6 35 42
5 34.35 15 0.102 3.63 36 43
10 43.1 15 0.081 3.82 35 43
15 50.97 15 0.069 3.84 35.5 44
20 55.1 15 0.063 3.88 37 4
25 61.35 15 0.057 3.88 35.5 45
30 64.78 15 0.054 3.84 35 45
CONDITION (9) 4.5 s axial velocity (2.8 gpm In flowmeter) 12.5 psig transmembrane pressure
Timesince Time Filtrate : Filtrate Flux Flowmster Trans Membrans *  [Terp.
-Backpuise (min} (séc) | Amount{mt) (gpm/FR2) - Reading (dpm) Pressute (psig) c .
0 36.54 15 0.096 26 12 38
5 50.85 15 0.069 2.8 12.75 38
10 58.18 15 0.060 2.76 13 38
15 66.9 15 0.052 2.63 135 37
20 78.28 15 0.045 27 125 37
25 84.67 15 0.041 269 12 37
30 87.72 15 0.040 27 12.5 37
CONDITION (10) 9 ft/s axial velocity (5.5 gpm in flowmeter) 20.0 psig transmembrane pressure
Timasince Time “Fittrate - FildleFux " Flowmeler | Trans Membrane . [Temp,
Backpulsa.{min) (ste) | . Amount(mt) (opiVEL) Heating lopm) Pressure {psig) ¢
0 28.81 15 0.121 553 20 38
5 46.88 15 0.075 5.55 195 39
10 56.68 15 0.062 5.62 20 39
15 64.73 15 0.054 5.6 20.25 40
20 68.49 15 0.051 5.8 21 40
25 75.98 15 0.046 5.63 20 40
30 51.66 10 0.045 5.67 20.5 41
CONDITION (11) 6 ft/s axial velocity (3.7 gpm in flowmeter) 20.0 psig transmembrane pressure
Time since Time Filtrate Filtrate Flux Flowmater Trans Membrane Temp.
-Backpulse {min) (sec) | Amount{mL}: {opmVER) Reading (gpm) Pressure (psig) . Lo
0 26.55 15 0.132 3.7 20 40
5 41.6 15 0.084 3.65 20 40
10 52.48 15 0.067 3.6 205 40
15 63.91 15 0.055 3.49 20 40
20 68.47 15 0.051 3.9 21.5 40
25 81.92 15 0.043 3.4 18.5 40
30 76.6 15 0.045 3.7 21 40
CONDITION (12) 6 ft/s axia! velocity (3.7 gpm in flowmeter) 45.0 psig transmembrane pressure
Time since Time | - FEilrate Filtrate Flux - ‘Flowmgter - Trans Membrane'  [Temp.
Backpulse:min)° {sec) | Amoiint {mL) (gpmyFL2) Reading{gpm} Rressure {psiq) c -
0 32.56 30 0.215 3.75 - 45 N/A
5 32.1 15 0.109 3.65 46 N/A
10 4217 15 0.083 3.7 46 N/A
15 48.91 15 0.071 3.75 46 N/A
20 52.61 15 0.066 3.68 46 N/A
25 56.11 15 0.062 3.74 45 N/A
30 61.67 15 0.057 3.7 43.5 N/A
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CONDITION (13) 6 fs axial velocity (3.7 gpm in flowmeter) 55.0 psig transmembrane pressure

o Timesinge. | Time “Fifate Fiibrate Fiux Flowmotar “Trans Membiane  [1emp,

__-.Backpulsa (min). (seck |, Amount(ml) | - (qpm/FD2) (0.068) Reading {gpm) Pressure (psig) c
0 28.94 30 0.242 3.68 55 48
5 28.97 15 0.121 3.69 55 49
10 38.23 15 0.097 3.7 55 50
15 41.91 15 0.083 3.68 &5 51
20 31.04 15 0.113 3.71 85 51
25 50.53 15 0.069 3.69 55.5 52
30 53.6 15 0.065 375 55 52
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Dissolved H-4 Calcine (2.44 wt %)
CONDITION (1) 6ft/s axial velocity (3.7 gpm in flowmeter) 20.0 psig transmembrang pressure

Time since Time Fiitrate Filtrate Flux - Flowmater " Trans Membrane *  [Temp. |
Backpulse (min) {sec) | Amount (mb) {gpm/ER) Reading (gpm) Pressute (psig) c_
0 38.8 15 0.090 3.6 20.5 N/A
5 93.1 15 0.038 37 20.0 N/A
10 82.1 10 0.028 3.6 20.0 N/A
15 47.7 5 0.024 3.6 20.0 N/A
20 55.5 5 0.021 3.6 20.0 N/A
25 60.2 5 0.019 3.6 19.5 N/A
30 62.2 5 0.019 3.6 20.0 N/A
CONDITION (2) 7.5 ft/s axial velocity (4.6 gpm in flowmeter) 27.5 psig fransmembrane pressure
" Time:since Time Filtrate Fitrate Flux -~ - " “Flowmeter Trans Membrane Temp.
Backpulsa (min) (sec) | __Amount {mt) (gPMUF2) Reading {Gpr) -Pressure (psig) (o]
0 22.4 10 0.104 4.6 28.5 N/A
5 28.0 5 0.042 4.4 275 N/A
10 35.0 5 0.033 4.5 28.0 N/A
15 48.5 5 0.024 4.7 28.0 N/A
20 51.4 5 0.023 4.7 27.5 N/A
25 53.4 5 0.022 4.6 27.0 N/A
30 55.8 5 0.021 4.8 27.0 N/A
CONDITION (3) 3.0 ft/s axial velocity (1.8 gpm in flowmeter) 20.0 psig transmembrane pressure N
Time since Time Fiitrate © - Filtrats Flux” Flgwmeter TransMembrane  {Temp.
Backoulse (min) (sec) | .Amount(mL) {opnvEt?) ._-Redding {gpm) -Pressure {psiq) - c
0 20.7 10 0.113 1.8 20.0 N/A
5 30.4 5 0.038 1.8 19.5 N/A
10 39.1 5 0.030 1.8 20.0 N/A
15 51.7, 5 0.023 1.8 20.0 N/A
20 57.0 5 0.020 1.8 20.0 N/A
25 60.2 5 0.019 1.8 20.5 N/A
30 67.1 5 0.017 1.8 20.5 N/A
CONDITION (4) 6.0 ft/s axial velocity (3.7 gpm in flowmeter) 5.0 psig transmembrane pressure
Timo since Time Filtrate Fiftrate Flux Flowmater- TransMembrane - |Temp. .
:Backpulse {min) ° {sec) | Amount{ml) {qpeED) - Beading (gpm} Prassurs (psig) :C
0 46.0 7 0.035 3.6 5.0 N/A
5 44.2 5 0.026 3.5 5.0 N/A
10 50.7 5 0.023 3.7 53 N/A
15 59.0 5 0.020 37 55 N/A
20 71.3 5 0.016 37 55 N/A
25 76.2 5 0.015 37 55 N/A
30 77.2 5 0.015 3.8 55 N/A
CONDITION (5) 7.5 ft/s axia! velocity (4.6 gpm In flowmeter) 12.5 psig transmembrane pressure
Time since Time Filtreatle Filtraté Flux’ . Flowmeter Trans Membrane - |Temp.
Backpulse (min) {sec) | Amount{mi) (apmiEL2) Reading {gpm} Prossure (psiq) c
0 48.6 15 0.072 4.8 13.5 N/A
5 102.9 15 0.034 4.8 135 N/A
10 442 5 0.026 4.5 125 N/A
15 §3.1 5 0.022 4.6 125 N/A
20 58.0 5 0.020 4.7 12.5 N/A
25 62.0 5 0.019 4.6 12.5 N/A
30 66.4 5 0.018 4.6 125 N/A
CONDITION (6) 6 ft/s axial veloc:_ly_@lmin flowmeter) 20.0 psig transmembrane pressure
Time sinco Flitrate FilrateFlux - | - . Flowmster Trans Membranse Tomp.
Backpul ( in) (sec) Amount {mt) - {opnVE2) Readtng {gpm) -Rressure (psiq) c
35.5 15 0.098 37 20.3 N/A
5 31.2 5 0.037 37 21.5 N/A
10 37.6 5 0.031 3.7 21.0 N/A
15 45.4 5 0.026 3.8 21.0 N/A
20 49.6 5 0.024 3.7 21.0 N/A
25 58.0 S 0.020 3.7 218 N/A
30 58.1 5 0.020 37 21.0 N/A
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CONDITION (7) 4.5 Vs axial velocity (2.8 gpm in flowmeter) 27.5 psig transmembrane pressure

© Tims since . Time: | - Firate’ ~ I Flitrate’Elux i - F!m'(menert ) Trans Membrans Temp.
Bedcpulsa (mh)‘ {ser) | Amount(mt) | - (gpr/ERR) : . Raadfng {apm) - Pressure (psia}
0 34.4 15 0.102 27.5 N/A
5 26.3 5 0.044 2 8 27.5 N/A
10 33.9 5 0.034 28 28.0 N/A
15 40.0 5 0.029 2.8 28.0 N/A
20 49.6 5 0.023 2.8 28.1 N/A
25 51.8 5 0.023 2.6 29.0 N/A
30 58.8 5 0.020 26 28.0 N/A

CONDITION (8) 6 ft/s axial velocity (3.7 gpm in flowmeter) 35 psig transmembrane pressure

Time since Time | . | Fitrate.. : Filtrate Fluk .. Flowmeter Trans Membrang Temp,
Backpulsei(min) {sec) §_ Amount (mt) {opmvR2) . . Reading {opm) - - Prassure {psig) c
0 354 15 0.099 37 355 N/A
5 248 5 0.047 34 36.0 NA
10 32.0 5 0.036 85 35.5 N/A
15 41.1 5 0.028 37 35.0 N/A
20 48.9 5 0.024 3.7 35.0 N/A
25 48.0 5 0.024 37 36.5 N/A
30 52.0 5 0.022 3.8 36.0 N/A

CONDITION (9) 4.5 ft/s axial velocity (2.8 gpm in flowmeter) 12.5 psig transmembrane pressure

- Time.sin¢e;' - Time | - Fiitrate’ © Fliratd Flux: . Flowmeter s TransMembrane Temp.,»
Backpufse {miin) .- | {sec) | Amount (mL) {opmiFL) . _Beading (gpm) K Préssure (psiq) c

0 64.0 15 0.055 2.7 13.0 N/A
5 34.5 5 0.034 2.8 13.0 N/A
10 40.9 5 0.028 29 13.0 N/A
15 52.2 5 0.022 2.8 13.0 N/A
20 56.8 5 0.021 29 13.0 N/A
25 62.0 5 0.019 2.9 13.5 N/A
30 64.1 5 0.018 29 13.5 N/A

CONDITION (10) 9 ft/s axial velocity (5.5 gpm in flowmeter) 20.0 psig transmembrane pressure

Time'since Time © Fittrate”- .} . 7 Fmg‘a’tgfﬁlme i ... -Flowmeter Trans Membrane Toemp.
| Backpulse'(min) {sec): | Amount.(ml) {opmfFR) . . Reading {gom). Pressure {psig). c
1] 45.0 15 0.078 55 20.0 N/A
5 64.1 10 0.036 55 20.0 N/A
10 50.6 5 0.023 5.1 205 N/A
15 62.6 5 0.019 5.3 21.0 N/A
20 58.3 5 0.020 55 20.5 N/A
25 60.6 5 0.018 55 20.0 N/A
30 63.4 5 0.018 5.5 20.5 N/A

CONDITION (11) 6 ft/s axial velocity (3.7 gpm in flowmeter) 20.0 psig transmembrane pressure

o Time'since Time Fitate Filfafo Flux . _Flowmeter ‘| Trans Membrano  JTemp,
Backpu!se (__In) {sag) Amoum(m!.) o (gomiFly | Beading{gpm) "|°  Pressurs (pslg) - c
43.3 0.081 3.7 20.0 N/A

5 65.2 10 0.036 37 20.0 N/A

10 41.0 5 0.028 3.6 20.0 N/A

15 47.3 5 0.025 36 20.3 N/A

20 54.3 5 0.021 3.7 200 N/A

25 61.2 5 0.019 37 19.8 N/A

30 63.7 5 0.018 37 19.5 N/A

CONDmON (12) 6 ft/s axial velocity (3.7 gpm in flowmeter) 45.0 psig transmembrane Ppressure

Timesince” - .| Time Fitrats 1 . Filfrate Flux . Flowmbter " {7 Trans$Mefnbrane Temp.
Backpulse {min) - {sac) | Amount{mL) {gBrER) < . Reading {gpm) ., . Pressure (pslq) c
"} 23.8 15 0.147 34 47.0 N/A
5 254 5 0.046 3.6 47.5 N/A
10 30.0 5 0.039 3.6 475 N/A
15 37.8 5 0.031 37 45.0 N/A
2 . 419 5 0.028 37 46.0 N/A
25 462 5 0.025 36 45.0 N/A
30 47.4) 5 0.025 37 46.0 N/A
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CONDITION (13) 6 f/s axial velocity (3.7 gpm in flowmeter) 55.0 psig transmembrane pressure
Time since Time | . Filtrale Filtrate Flux Flowmbter TransMetnbrane  ~ |Temp.
Backpulse (min) {sec) Amount {mL) “(opmiF12) (0.068) ._Reading.(gpm) - Prassure {pslq} G .
0 17.5 10 0.133 3.7 54.0 N/A
5 22.6 5 0.052 3.6 55.0 N/A
10 30.4 5 0.038 3.6 56.0 N/A
18 37.1 5 0.03t 3.6 54.5 N/A
20 36.8 5 0.032 3.6 54.5 N/A
25 422 5 0.028 3.7 55.0 N/A
30 432 5 0.027 3.8 55.0 N/A
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Non-Radioactive Run 1027 Dissolved Calcine (7.94 wt %)

CONDITION (1) 6ft/s axxal\ elocity (3.7 gpm in flowmeter) 20.0 psig transmembrane pressure

[ -+ Timesince Time . Fittrate” . Fitrate Flux L. - Flovimeter ©, Trans Membrane’ Tomp,
- Backpulss- (mh) {sec) |- Amount{mL) . (gprifFe) _Reading (ggm) - Pressure (pslg) (o]
0 17.47 5 0.067 36 43
5 56.6 5 0.021 20 5 845 43
10 70.11 5 0.017 20 3.73 44
15 91.16 5 0.013 20 3.7 4
20 107.16 5 0.011 20.5 3.67 4
25 116.54 5 0.010 20 3.7 44
30 118.93 5 0.010 20.5 3.6 45
CONDITION (2) 7.5 ft/s axial velocity (4.6 ggLn in flowmeter) 27.5 psig transmembrane pressure
- T Timoe since’ Time Filtrata . Filtrate Flux . Flovmeter Trans Membrane Temp.
@ulse (min) {sacy 1| Amount{mtb) (gpmiEE2) - Readifig (gpm}) Préssure (psid) [0
10.72 5 0.109 28.5 4.2 46
5 47.28 5 0.025 275 4.5 47
10 71.49 5 0.016 28 4.3 47
15 85.53 5 0.014 285 43 48
20 89.61 5 0.013 28 4.5 49
25 99.47 5 0.012 275 4.6 49
30 102.16 5 0.011 28 4.4 50
CONDITION (3) 3.0 ft/s axial velocity (1.8 gpm in flowmeter) 20.0 psig transmembrane prassure
Time gince | Time Fittrate - Filttle Flox " Flowmelter Trans Mombrane®  [Temp.
Backpulse (min) {sec} | Amount{mL) - {opm/ERy. - Reading {opm) Pressure (psig) c
0 12.92 5 0.080 19.5 1.9 48
5 53.53 5 0.022 20 1.76 47
10 71.85 5 0.016 19.5 1.78 46
15 85.97] 5 0.014 20 1.77 46
20 111.97 5 0.010 20 1.76 45
25 114.61 5 0.010 20 1.76 44
30 128.79 5 0.009 20 1.75 44
CONDITION (4) 6.0 ft/s axial velocity (3.7 gpm In flowmeter) 5.0 psig transmembrane pressure
“Time'since T Timg Fiitrate - Filtrate Flux ' Flowmeler “Trans Membrang Temp.
Bacgulsa gmi ) -1 {sec) |- Amount{mti}’ __{apm/Etdy, -_Reading {gpm) Prassure (psig). - [
33.36 5 0.035 34 5 42
5 70.1 5 0.017 3.65 5 41
10 118.1 5 0.010 3.54 5.5 41
15 153.42 5 0.008 3.65 5 41
20 171.82 5 0.007 3.63 5.25 41
25 169.22 5 0.007 37 5 40
30 168.54 5 0.007 35 5 40
CONDITION (5) 7.5 ft/s axial velocity (4.6 gpm in flowmeter) 12.5 psig transmembrane pressure
: Tima since Time _ Fitrate : ~ - Filtrate Flux - Flowmeter Trans Membrane Temp.
¢ Backpul8 (min) (soch | -Amount(mi) . (gPovFi2), Reading (gom) _ Prassura (psig) c
0 20.6 5 0.057 45 13 41
5 67.91 5 0.017 45 13 42
10 89.91 5 0.013 4.65 13 42
15 110.55 5 0.011 4.63 13 42
20 48.66 2 0.010 4.62 13 42
25 56.48 2 0.008 4.7 12.5 43
30 53.48 2 0.009 4.68 12.75 43
CONDITION (6) 6 f/s axial velocity (3.7 gpm in m in flowmneter) 20.0 psig transmembrane pr
.-, Timesincg Tima Filtrate Filtrats Flux: . Flowmeter- “Trans Membrane’ Tamp,
2 Backpulsa (min) | (sec) | Amount(mL} - {GpRFIR) . Reading {qpm) Préssuré ggs q) (o]
[0} 13.7] 5 0.085 3.30 43
5 54.04 5 0.022 3.72 20 44
10 7581 5 0.015 3.60 205 43
15 54.97 3 0.013 3.63 20.25 43
20 66.57 3 0.011 3.85 19.5 44
25 72.47 3 0.010 3.85 19.75 44
30 51.75 2 0.009 3.80 19.5 44




CONDITION (7) 4.5 fi/s axial velocity (2.8 gpm in flowmeter) 27.5 psig transmembrane pressure

Time since Time ‘Fiitrate “Filtrate Flux Flowmégter > Trans Meémbrane Tomp.
Backpulse-(min) (sec) | -Amount (mL) {opnvER). Beading (gpm) - Pressure (psiq) c
0 9.85 5 0.118 28 275 44
5 50.41 5 0.023 26 285 44
10 69.38 5 0.017 2.56 29 45
15 47.36 3 0.015 a7 275 45
20 35.73 2 0.013 26 28 45
25 43.73 2 0.011 2.82 275 45
30 45.54 2 0.010 27 28 45
CONDITION (8) 6 fi/s axial velocity (3.7 gpm in flowmeter) 35 psig transmembrane pressure
Time since Time Fittrate ™ Filtrate Flux Flowmeter Trans Membrane  |Temp.
Backpulse {min) (sec) | Amount{mt) [{gpm/Ee2) Reading (gpm) Prassurs (psig) c
0 275 5 0.424 3.6 36 47
5 46.43 5 0.025 3.55 [ 36 47|
10 61.72 5 0.019 3.7 35 48
15 45.74 3 0.015 3.8 34 49
20 30.05 2 0.016 3.89 34 49
25 39.85 2 0.012 3.65 35 50
30 46.91 2 0.010 3.65 35 50
CONDITION (9) 4.5 ft/s axial velocity (2.8 gpm in flowmeter) 12.5 psig transmembrane pressure
Time since - Time Fitrate . Flirate Flux Flowmater Trans Membrana Temp.
Backpulse {min) (séc) | Amount (ml} - {gpnv/E2) Reading {gpm) Pressure {psiq) (02
0 15.69 5 0.074 273 13 43
5 §5.54 4 0.017 2.65 13 43
10 56.3 3 0.012 2.58 13 43
15 64.04 3 0.011 275 125 43
20 46.67 2 0.010 26 13 42
25 67.41 2 0.007 275 125 42
30 59.41 2 0.008 273 12.75 42
CONDITION (10) 9 ft/s axlal velocity (5.5 gpm in flowmeter) 20.0 psig transmembrane pressure
Time since Time | - Filrate Filtrate Flux . Flowmeter Trans Membrano Temp.
Backpulse (min) (sec) | Amotnt {mt} (gpmiER} - " Reading (gpm) Pressure (psiq) c
0 21.41 5 0.054 5.7 19.5 43
5 §9.54 5 0.020 5.6 20 44
10 62.47 4 0.015 5.55 205 45
15 37.54 2 0.012 5.5 20.5 45
20 43.66 2 0.011 55 20.5 46
25 41.79 2 0.011 5.75 19.5 46
30 39.11 2 0.012 57 20 47
CONDITION (11) 6 ft/s axial velocity (3.7 gpm in flowmeter) 20.0 psig transmembrane pressure
Time sirice Time, Flltrate T Fltrate Flux Flowmeter . Trans Membrarg Temp. °
-Backptlse {min) {sec} | Amount (ml} {gpaVER) . Beading {Gpm) - Prassiire (psiq) c
0 16.97 5 0.068 23 25 46
5 66.78 5 0.017 3.65 20 46
10 44,87 3 0.016 3.55 21 46
15 38.07 2 0.012 3.8 20 46
20 2.4 2 0.011 3.65 21 46
25 48.85 2 0.010 3.8 20.5 46
30 53.79 2 0.009 3.89 20 48
CONDITION (12) 6 ft/s axial velocity (3.7 gpm in flowmeter) 45.0 psig transmembrane pressure
Tima since Time Fillrate Filtrate Flux - Flowmeter - Trans Mambrane Temp, -
Backpulse (min) {sec) | Amofint (mL) {GpmvER) - Reading (gpm) Bressure (psio) c
0 11.35 5 0.103 375 44 49
5 40.05 5 0.029 33 46 51
10 51.29 5 0.023 3.45 455 52
15 61.29 5 0.019 3.6 45 53
20 42.41 3 0.016 3.55 45 54
25 46.61 3 0.015 3.8 45 55
30 53.79 3 0.013 3.8 44 56
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CONDITION (13) 6 ft/s axial velocity

(3.7 gpm in flowmeter) 55.0 psig transmembrane pressure

‘Time since Time “Fittrate’ Filtrate Flux Flowmstar - . Trans Membrane Temp.
Backpulse.{min) (seck. | Amount{mL) {opmyFt2) (0.088} Reading{gom) . Pressure {psig) v

0 8.37 5 0.139 4.1 55 60
5 30.98 5 0.038 3.6 55.5 62
10 26.05 3 0.027 3.8 54.5 64
15 4241 4 0.022 3.8 55.8 65
20 35.6 3 0.020 33 56 67
25 39.55 2 0.012 3.65 55 68
30 28.1 2 0.017 3.8 47.5 69
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BASELINE WATER RUN #1

Condition

Flowmeter
Reading (gpm)

Transmembrane
Pressure (psig)

Filtrate Flowrate

mL

Sec

mL/Sec

Temp

(4) - 6 ft/s axial velocity:
(3.7 gpm in flowmeter)
5 psig TMP

3.62

5

50

25

2.00

34

(9) - 4.5 {t/s axial velocity:
(2.8 gpm in flowmeter)
12.5 psig TMP

2.86

12.6

50

10.52

4.75

(5) - 7.5 fifs axial velocity:
(4.6 gpm in flowmeter)
12.5 psig TMP

4.55

12.6

50

11.05

4.52

36

(1,6,11) - 6 ft/s axial velocity:
(3.7 gpm in flowmeter)
20 psig TMP

3.69

20

50

7.14

37

(3) - 3 ft/s axial velocity:
(1.8 gpm in flowmeter)
20 psig TMP

1.75

20

50

7.03

7.11

38

(10) - 9 ft/s axial velocity:
(5.5 gpm in flowmeter)
20 psig TMP

5.6

20

50

6.61

7.56

40

(7) - 4.5 fi/s axial velocity:
(2.8 gpm in flowmeter)
27.5 psig TMP

2.79

27.5

50

4.78

10.46

42

(2) - 7.5 ft/s axial velocity:
(4.6 gpm in flowmeter)
27.5 psig TMP

4.57

27.5

50

4.67

10.71

46

(8) - 6 ft/s axial velocity:
(3.7 gpm in flowmeter)
35 psig TMP

3.6

35

50

3.61

13.85

50
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BASELINE WATER RUN #2

Condition

Flowmeter
Reading (gpm)

Transmembrane
Pressure (psig)

Filtrate Flowrate

mL

Sec

mL/Sec

Temp

(4) - 6 ft/s axial velocity:
(3.7 gpm in flowmeter)
5 psig TMP

3.75

5

30

95.62

0.31

30

(9) - 4.5 ft/s axial velocity:
(2.8 gpm in flowmeter)
12.5 psig TMP

2.84

125

30

41.15

0.73

31

(5) - 7.5 /s axial velocity:
(4.6 gpm in flowmeter)
12.5 psig TMP

4.6

127

30

40.06

0.75

32

(1,6,11) - 6 ft/s axial velocity:
(3.7 gpm in flowmeter)
20 psig TMP

3.72

20

30

26.52

32

(3) - 3 ft/s axial velocity:
(1.8 gpm in flowmeter) -
20 psig TMP

1.8

21.5

30

235

1.28

33

(10) - 9 ft/s axial velocity:
(5.5 gpm in flowmeter)
20 psig TMP

5.45

20

30

26.25

1.14

33

(7) - 4.5 fi/s axial velocity:
(2.8 gpm in flowmeter)
27.5 psig TMP

275

275

30

19.13

157

34

(2) - 7.5 ft/s axial velocity:
(4.6 gpm in flowmeter)
27.5 psig TMP

4.58

27.75

30

184

1.63

35

(8) - 6 fi/s axial velocity:
(3.7 gpm in flowmeter)
35 psig TMP

3.7

35

30

14.86

2.02

36
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BASELINE WATER RUN #3

Condition

Flowmeter
Reading (gpm)

Transmembrane
Pressure (psig)

Filtrate Flowrate

ml Sec

mL/Sec

Temp

(4) - 6 ft/s axial velocity:
(3.7 gpm in flowmeter)
5 psig TMP

3.75

5

30 95.62

0.31

30

(9) - 4.5 fi/s axial velocity:
(2.8 gpm in flowmeter)
12.5 psig TMP

2.84

12.6

30 41.15

0.73

31

(5) - 7.5 fi/s axial velocity:
(4.6 gpm in flowmeter)
12.5 psig TMP

4.6

12.7

30 40.06

0.75

32

1,6,11) - 6 ft/s axial velocity]
(3.7 gpm in flowmeter)
20 psig TMP

3.72

20

30 26.52

1.13

32

(8) - 3 ft/s axial velocity:
(1.8 gpm in flowmeter)
20 psig TMP

1.8

21.5

30 235

1.28

33

(10) - 9 ft/s axial velocity:
(5.5 gpm in flowmeter)
20 psig TMP

5.48

20

30 26.25

1.14

33

(7) - 4.5 ft/s axial velocity:
(2.8 gpm in flowmeter)
27.5 psig TMP

2.75

27.5

30 19.13

157

34

(2) - 7.5 fi/s axial velocity:
(4.6 gpm in flowmeter)
27.5 psig TMP

4.58

27.75

30 184

1.63

(8) - 6 ft/s axial velocity:
(3.7 gpm in flowmeter)

35 psig TMP

3.7

35

30 14.86

2.02

36
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BASELINE WATER RUN #4

Condition

Flowmeter
Reading (gpm)

Transmembrane
Pressure (psig)

Filtrate Flowrate

mL

Sec

mL/Sec

Temp

(4) - 6 ft/s axial velocity:
(8.7 gpm in flowmeter)
5 psig TMP

3.7

5

10

22.56

0.44

37

(9) - 4.5 ft/s axial velocity:
(2.8 gpm in flowmeter)
12.5 psig TMP

24

13.5

10

16.6

0.60

38

(5) - 7.5 ft/s axial velocity:

(4.6 gpm in flowmeter)
12.5 psig TMP

4.7

12.5

10

13.2

0.76

38

1,6,11) - 6 it/s axial velocity]
(3.7 gpm in flowmeter)
20 psig TMP

3.7

20

10

9.97

1.00

39

() - 3 fi/s axial velocity:
(1.8 gpm in flowmeter)
20 psig TMP

1.6

21

10

9.16

1.09

39

(10) - 9 ft/s axial velocity:
(5.5 gpm in flowmeter)
20 psig TMP

5.2

21

10

6.06

1.65

40

(7) - 4.5 fi/s axial velocity:
(2.8 gpm in flowmeter)
27.5 psig TMP

2.8

27.5

10

7.06

142

41

(2) - 7.5 fi/s axial velocity:
(4.6 gpm in flowmeter)
27.5 psig TMP

4.5

27.5

10

5.92

1.69

(8) - 6 ft/s axial velocity:
(3.7 gpm in flowmeter)

35 psig TMP

3.5

35.5

10

6.53

1.53

45

50




