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SUMMARY

This report discusses the results of the operation of a cross-flow filter in a pilot-scale
experimental facility that was designed, built, and run by the Experimental Thermal
Fluids Laboratory of the Savannah River Technology Center of the Westinghouse
Savannah River Company. This filter technology was evaluated for its inclusion in the
pretreatment section of the nuclear waste stabilization plant being designed by BNFL,
Inc. The plant will be built at the U.S. Department of Energy’s Hanford Site as part of
the River Protection Project.

The filter element under study was recommended by BNFL, Inc. and it was manufactured
by the Mott Metallurgical Corporation in Connecticut. The filter unit contained seven
316 stainless steel sintered metal tubes. Each tube had an inside diameter of 0.375 inch,
an outside diameter of 0.5 inch, a porous length of 40 inches, and a filter pore size that is
classified as a nominal rated 0.1 micron. These dimensions give an active filter surface
area of 2.29 ft2. At the time of this task these aforementioned dimensions were given as
prototypic, therefore each filter tube was considered full size to the filter, which would be
built for the plant. Only the number of tubes was expected to change.

The filter was tested with a simulated nuclear waste of Tank 241-AN-105, which is
referred to as envelope A waste. The recipe for the simulant was developed by Waste
Process Technology section of SRTC and the .simukmt was made by TFL personnel
specifically for this task. The supernatant portion of the simulant was non-organic,
rdkalinic, pH >14, and had polarities of sodium, nitrates, and nitrites, of approximately 5
M, 1.4 M, and 1.2 M; respectively. To the supernatant insoluble solids were added to
simulate those in the real waste. The solids loading began at 0.5 wt~o and then was
eventually raised to about 16 wt% during the test. The particle sizes ranged from 0.5 to 5
microns by design. At 25”C, and a solids loading of 0.5 wt9& this slurry had a density of
approximate y 1.23 g/mL, a viscosity of 3 cP, and Neivtonian theological characteristics.
However, as the solids loading increased a yield stress was present, but it dropped very
fast to revert to a Newtonian fluid while in motion. The flow conditions for the test
varied: Akial slurry velocities ranged from 3 ft/s to 15’”ft/s(1 m/s to 4.6 m/s) and
transmembrane pressures ranged from 15 psid to 70 psid (100 ld?a to 480 kPa) at a
temperature of 25°C.

The results showed a good filtrate flux and separation. Under the optimum flow
conditions of a slurry velocity of 12.4 ftls and a transmembrane pressure of 42 psid (3.8
m/s and 300 kpa), the observed filtrate flux was consistently greater than 0.10 gpm/ftz
(4.1 lpm/mz), even without backpulsing for more than 7 hours., However, a backpulse
frequency of 30 minutes would increase the flux to 0.16 gpndftz (6.5 lpidmz). A filtrate
flux could be maintained above 0.10 gpm/ ft2 as the insoluble solids loading increased to
16 wt% and at no time did the filter plug from a slurry cake build up. To free the filter
surface of the slurry cake, a volume of only 0.036 gal/ftz (1.17 liters/mz) was needed.
This backpulse volume leads to a lost flux of 0.0012 gpm/ftz (0.05 lpm/mz) for a
backpulse frequency of 30 minutes. Finally, for all test runs the measurable amount of
insoluble solids was insignificant in the filtrate.
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NOMENCLATURE

BNFL
DIF
id.
LAW
nominal

.,.,.

RPP
o.d.
SRTC

TR

v

WSRC
XF

BNFL, hlC.
Deionized and Filtered (0.2 micron) Water
Inside Diameter
Low Activity Waste
The word “nominal” for a filter rating is a vague term because its meaning “
is manufacturer depend. Further, a “nominal” rating does not give an
exact size to a filter medium; but rather an approximation to the expected
performance of a filter. In the case of Mott, a nominal rated O.1-prn filter
means that approximately 95% of particles greater than 0.1 pm will not
pass the filter.

.“-.... ... .

River Protection Project
Outside Diameter
Savannah River Technology Center
Transmembrane Pressure (the average pressure drop across the thickness
of the filter medium – perpendicular to the slurry flow.)
Test Rig
Technical Task Request
Velocity of the slurry flow along the length of the filter tubes
Waste Processing Technology
Westinghouse Savannah River Company
Cross-flow Filter
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INTRODUCTION

BNFL, Inc. (BNFL) has been contracted by the Department of Energy to design a facility
to stabilize liquid radioactive waste that is stored at the Hanford Site. Because of its
experience with radioactive waste stabilization, the Savannah River Technology Center
(SRTC) of the Westinghouse Savannah River Company is working with BNFL to help
design and test certain parts of the waste treatment facility. One part of the process is the
separation “ofradioactive solids from the liquid wastes by cross-flow filtration. This task
tested a cross-flow filter with a simulated radioactive waste, made to prototypically
represent the waste chemical and physical characteristics.

This technical baseline research and development work was initiated by a Technical Task
Request (TTR) (1) that was issued in October of 1998. This TTR came about from the
BNFL specifications (2, 3) to design and test a pilot scale cross-flow filtration system.
With initial documentation in place (4, 5,6) the task began by defining a slurry to be
filtered. A recipe for a low activity waste (LAW) slurry simulant, which would contain
entrained solids, was developed by the Waste Process Technology section of SRTC to
represent the waste in Hanford Tank 24 l-AN-105 (7, 8). This waste is referred to as
Envelope A waste. At the beginning of this task the exact composition of the complex
slurry was not completely defined, however, enough information did exist to begin work
by modif ying an existing test rig and getting the appropriate approvals to insure its safe
operation (9, 10, 11). Previous work (12, 13, 14) assisted in guiding the plan of this task.

Envelope A simukmt was the first in a series of two that would be used in this task. This
report deals solely with this first simulant to evaluate a cross-flow filter. The chosen
filter was manufactured by the Mott Metallurgical Corporation to meet the required
specification (2, 3):

7 filter tubes with each having an inside diameter of 0.375 inch
40-inch porous length for each filter tube and made .of stainless steel
Nominal rated 0.1 micron filter element (the Nomenclature explains ‘nominal’)

and the test rig was modified to meet the required specification (2, 3):_,
Maximum recirculation flow of 5 m/s (16 ft/s)
Maximum transmembrane pressure (’IMP) of 80 psid
Maximum recirculation flow to be achievable at the maximum TMP
Instrumentation to monitor the recirculation flow rate, the filtrate flow rate, the

TMP, and the slurry temperature
All materials to be compatible with 1 M nitric acid solution

All specifications were met or exceeded. A short history of task activities is:
Arrival of the filter from Mott - February 19, 1999
Shakedown activities began – March 1, 1999
Envelope A simulant was defined - March 2, 1999
Simulant was made - April 16, 1999
Permission was received from BNFL to begin testing - May 12, 1999
Test was completed - July 26,1999
Preliminary data were sent to BNFL on November 9, 1999 [15)
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EXPERIMENTAL

EwiPQ@
In general, the equipment assembled for this task was done to conform to the Test
Specification (2, 3). To facilitate understanding of the experimental equipment an
explanation of the salient features follows.

Test Rig
&

Figure 1 is a schematic of the entire Test Rig (TR) and Fig. 2 is a photograph of the same.
It stood approximately 25-feet tall and was serviced by a two-level mezzanine. The TR
was much taller than the 3-foot tall filter element because it originally was used to test a
10-foot tall filter in 1994 (12), Several modifications were made in order to install the
meter-long cross-flow filter. The entire TR was made of 300 series stainless steel with
the majority being of 304 stajnless steel.

01P3P

)

Ilnlu

I
I II Ill

T -*
VI

C%34TCLW’AT1U4

-&NM

SIDEE1.EVAT1~

Figure 1. Schematic of the Pilot-scale Cross Flow Ultrafiltration Test Facility
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Figure 2. Pilot-scale Cross Flow Ultrafiltration Test Facility
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The TR is made up of three basic flow loops:
1. Slurry loop, which contains the filter and its housing and serves as the primary flow
path for circulating slurries. This loop has an internal volume of approximately 20 liters,
excluding the reservoir-tank.
2. Filtrate loop, which begins at the filter housing and allows the separated filtrate liquid
to flow up through the backpulse piston before returning to the top of the slurry loop to
close the circuit. This loop has an internal volume of approximately 6 liters.
3. Cleaning loop, which enables cleaning of the filter in place without having to remove
the slurry from the test rig by correctly orienting two 3-way valves. This loop has an
internal volume of approximately 15 liters.

Two other flow circuits that are subsections of the other loops are the backpulse and the
recirculation loops:

1. The backpulse loop is part of the filtrate loop and stands ready to reverse the flow of
filtrate. A pulse forces filtrate back through the seven filter elements in order to
knock off built-up slurry cake on the inside diameter of the porous tubes. [The
backpulse piston assembly controls the amount of filtrate used for a backpulse. The
maximum piston travel was 2 inches, but it was initially set at % inch to inject 0.041
gallon back through the filter (the piston housing inside diameter is 4.026 inches) to
attain a 0.018 gal/ft2 (the filter inside surface area was 2.29 ft2), as was found in a
previous filtration test (12). However, starting with test run 2.09 on 5/20/99 the
injection volume was doubled to 0.036 gal/ft2 because it showed a considerable
improvement in the filtrate flux recovery. Even with this volume, a backpulse
frequency of 30 minutes would cause an insignificant reduction in the mean filtrate
flux of 0.0012 gpmm.]

2. The recirculation loop is part of the slurry loop (by using valve V6). This loop is
used to: better control the slurry flow, increase mixing, and keeps the slurry well-
mixed when the flow through the filter needs to be stopped.

The TR is controlled through a series of valves, which are described below:

Vl:
V2:
V3:

V4:
V5:
V6:
V7:
V8:
V9:
Vlo:
Vll:
V12:

Drains slurry from the test rig
Isolates the slurry reservoir from the pumps
Controls the slurry (cleaning fluid) flow upstream of the filter and isolates the
slurry loop from the pump
Allows liquid to be introduced to the slurry reservoir
Allows slurry to be samples (not used for this test) .
Recirculates slurry to the reservoir
Directs either slurry (cleaning fluid) to the filteu 3-way valve
Used for the same functions as V3 but for the cleaning loop
Drains the filtrate loop
Drains the cleaning loop
Controls the slurry (cleaning fluid) flow downstream of the filter
Directs either slurry (cleaning fluid) from the filte~ 3-way valve
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V13:
V14:
V15:
V16:
V13:
V17:
V18:
V19:
V20:

Directs filtrate to the sample port or back to the slurry loop; 3-way valve
Directs filtrate to the to the slurry loop or to the cleaning loop; 3-way valve
Allows air to pressurize the backpulse piston
Shuts filtrate flow from the backpul-se piston
Directs either filtrate to the sample port or back to the slurry loop; 3-way valve
Vents the test rig
Allows filtrate to bypass the backpulse piston
Allows coolant flow to the cooling coil in the slurry reservoir
Allows coolant flow through the cooling coil in the cleaning fluid reservoir

To circulate slurries and liquids the test rig and mixing tank were serviced by five
TEEL stainless steel centrifugal pumps:

Materials
Location Model hp Housing Shaft Impeller-Sleeve Seals

l.Slurry LOOp 2P392 3 304SS 304ss 303ss Graphite/Ceramic/Viton
2.Slurry tip 2P392 3 304SS 304ss 303ss Graphite/Ceramic/Viton
3.shlrry Loop 2P392 3 304SS 304ss 303ss Graphite/Ceramic/Viton
4.CleaningImop 2P392 3 304SS 304ss 303ss Graphite/Ceramic/Viton
5.Mixing Tank 1P701B % 304SS 304ss 416SS Graphite/Ceramic/Viton

Three 3 hp pumps were used in series on the slurry loop to attain the head of 80 psig at 40
gpm (-5 mls) since one pump is able to produce about 28 psi at 40 gpm with water.

Cross Flow Filter
The heart of this entire experimental task was the cross-flow filter element that was to be
tested to define its operational characteristics under required flow conditions. There were
several candidates that could have been used for this test but due to availability and past
experience in robust designs a Mott Filter was chosen. The specifications for the filter
unit were:

Material: 316 stainless steel (sintered metal)
Porosity nominal rated 0.1 micron
Length: 40 inches
Diameter: 3/8-inch I.D., %-inch O.D.
Numbe~ 7 tubes

The unit which was received from Mott met the requirements, see Figs. 3,4, and 5. -The
40-inch length was made from two 20-inch lengths that were ‘welded together at the
center. when subtracting the weldments at the end and middle of the tubes, the actual
active porous length was 39 3/4 inches (1.01 meter)]. The 7 tubes were welded together
with the tube sheets and extra support was made with a central stabilizing plate and
supporting solid metal %-inch rods which ran the length of the tube bundle, Fig. 3c.
From the figures it is possible to see that some of the porous surfaces were slightly
marred. Because of the large surface area this marring was not expected to affect results
and no effects were notice during testing. The tube housing, Figs. 4 and 5, was made
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from a 3-inch schedule 10 pipe with two pipes connected at either end to remove filtrate.
For this test the filter unit was oriented vertically in the test rig, see Figs. 1,2, and 5. The
tube bundle sat in the housing such that the large tube sheet (right side of Fig. 3a) was
secured to the top flange of the housing; this tube sheet also supported the weight of the
assembly. The smaller, lower, tube sheet (foreground in Fig. 3b) was able to pass
through the housing and separated the slurry side of the flow channel from the filtrate
side with an “O” ring between the outer perimeter of the lower tube sheet and the inside
diameter of the filter housing.

Figure 3a. 7-tube bundle of nominal rated O.lmicron filter, 3/@ id., %“ o.d., 40” long

Figure 3b. Upstream view of the seven-tube bundle

Figure 3c. Support plate at the mid-section of the seven-tube bundle
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F

Figure 4. Cross-flow Filter Housing

.,

rigure 5. Cross-flow Filter in Test Rig
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Mixing Tanks
There were two main tanks used for mixing and preparing the slurry solutions:

1.

2.

The slurry reservoir was a 110-liter plastic tank that primarily served as the Test Rig
reservoir. It was also used (along with the recirculation loop) as a mixing tank when
solids had to be added to the slurry and was the location from where slurry samples
were taken. Mixing was accomplished with the recirculation loop by using valve V6.
[The slurry reservoir is shown in Fig. 1 and is the large white tank in the foreground
of Fig. 2.]
The mixing tank (MT) was a separate 110-liter plastic tank. It served to make the 75-
liter batch of simulant supemate before the solids were added to complete the slurry.
Since it was hard-piped to the slurry reservoir it was also used to make the cleaning
fluid (1 M nitric acid) as well as the cleaning solution used to clean the entire test rig
during shakedown activities (1% Alconox solution – phosphate). Mixing was
accomplished with the recirculation loop by using valve V23. Figure 6 is a schematic
of this tank and can be found in Fig. 2 as the lower white tank behind the vertical I-
beam at the lower right side of the photograph.]

The MT is controlled through a series of valves, which are described below:
.

V21: Contols the flow to the pump
V22: Drains the MT
V23: Recirculates the contents of the MT
V24: Allows the mixed contents to enter the slurry reservoir
V25: Allows liquid to be introduced into the MT

FI

V25

Vent p ToTest f%g

‘LL-K?l
7 V24

V23

MRing
Tank

I

V22

Figure 6. Main Mixing Tank for the Experiment
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Instrumentation
The measurement equipment used for this experiment was:

5 Type E thermocouples with accuracies from* 1.0 to 1.5°C,
6 Variable capacitance pressure transducers with accuracies from* 0.02 to 0.38 psi, and
3 Magnetic flow meters with accuracies from* 0.005 to 0.19 gpm.
*accuracies are a function of the instrument and calibration. The uncertainty introduced
through the use of the 16-bit data acquisition system was insignificant (cO.1% reading)
and was not included in the values above.

Figure Fl, Appendix F, shows two tables which list all the instruments and data
acquisition system (DAS) channels for each of the non-thermocouple instruments. The
thermocouples had their own dedicated computer card to interface and convert the
temperatures properly. The calibration of the DAS was checked and that information can
also be found in Fig. F1, which includes tables and graphs that show the results and the
transfer functions used for each channel.

Two instrument changes were made during this task

1. On 3/24/99, the pressure transducer used for dP2 (No. TR-00532). was recalibrated to
reduce the calibrated pressure range so that the measurement uncertainty was reduced to
0.13 psid from 0.42 psid. Even though the actual experiment did not begin until May of
1999, the pre-3/24/99 calibration was used in obtaining certain shakedown data for water
and thus it is included for completeness.

2. On 7/14/99, another filtrate fiowmeter was added (Q3; No. TR-03562). By this date
the experiment was complete, except for the final water run 2.22. This new flow meter
increased the measurable range for filtrate flow from a maximum of 1.2 gpm to 5 gpm, or
the flux from 0.52 gpm/ft2 to 2.18 g,pm/ftz, respectively. However, the measurement
uncertainty for the larger filtrate flow rate was larger by a factor of four. This new meter
was only necessary for the water runs, since with slurry, the filtrate fluxes were always
below 0.5 gpmlftz.

From Figs. 1, Fl, and F2 the location and the usage of each instrument can be
determined, however the following list will better describe the placement ~d usage of all
the measurement instruments:

T1 – A thermocouple located in the exit pipe of the slurry reservoir to measure the slurry
temperature on its way to the filter.
T2 – A thermocouple located in the filtrate line at the end of the upper filter housing
filtrate exit pipe to measure the filtrate temperature as it leaves the filter housing.
T3 – A thermocouple located in the cleaning loop at the exit of the cleaning loop pump.
T4 – A thermocouple located at the top of the test rig near valve V13 to measure ambient
temperature.
T5 – A thermocouple located at the bottom of the test rig near valve V5 to measure
ambient temperature.
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For the 6 pressure transducers also refer to Fig. F2, which indicates, pressure-line
locations as well as their heights. .

PI – A gauge pressure transducer located at the beginning of the filter housing to
measure the pressure of the slurry just before entering the filter tubes.
P2 – A gauge pressure transducer located in the filtrate line at the end of the upper filter
housing filtrate exit pipe to measure the pressure of the filtrate as it leaves the filter
housing. “
P3 – A gauge pressure transducer located at the air side of the backpulse piston to
measure the pressure applied to produce a backpulse.
dpl – A differential pressure transducer located across the slurry side of the filter to
measure the drop in pressure along the filter tubes.
dP2 – A differential pressure transducer located across filter and housing at the filter
entrance to measure the transmembrane pressure at the beginning of the filter.
dP3 – A differential pressure transducer located across filter and housing at the filter exit
to measure the transmembrane pressure at the end of the filter.
[The transmembrane pressure is determined from the average of dP2 and dP3.]

Q1 -A magnetic flowmeter located at the entrance of the filter to measure the slurry
flowrate.
Q2 -A ma~etic flowmeter located at the filtrate line between the exit of the backpulse
piston and valve V16 to measure the filtrate flowrate.
Q3 -A magnetic flowmeter located at the filtrate line between the exit of the backpulse
piston and valve V16 to measure the filtrate flowrate.

Measurement Uncertainty

Appendix F has all the pertinent information on the uncertainties. The measurement
uncertainties (at a 95% confidence level) for the important calculated quantities are:

Slurry Velocity in a Filter Tube =” V * g.lb %
Trammembrane Pressure = TMP ~ 1.07%
Temperature Corrected Filtrate Flux = Fc ~ 6.72 ~.
Permeability = P * 6.8(-)%

These numbers are based on pre- and post-test calibrations of the instruments.

Simulated Waste Slurrv

Beside the cross-flow filter, the most important aspect of this’experiment was the slurry
used to simulate a Hanford Site waste. The waste that was simulated is referred to as
Envelope A + ES. The Envelope A components include soluble radioactive wastes in
tank 241-AN-105 from the Handford Site and the ES refers to the insoluble Entrained
Solids from that tank. The simulant used for this task was cold (non-radioactive), but
made chemically equivalent to actual waste. The actual simulant development is beyond
the scope of this task and not elaborated here. A recipe for the simulant supernate, Fig. 7,
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lComplete EnvelopeA Recipeat 5.5 Molar Na /
(walidas of 4/lW99)

lVohnme of Feed I Icoo

u
TransitionMetals and Completing agents
Conipounds IFormula lConc., PPM I M
MC Aoid IUcmno +cm ~ ~~E.03

Cakium Nitrate IUci\lYwpz.+ru IE-04
CesiumNitrate k.sNO

I I 10WO 1Lu C.-kl

“--’’’n’”o ‘“?0 102 5.13
)3 10 6.27E-05
CX32.6H20 25 1.14E-04

in a separate containermixthe follm”ng

R
rams

0.150

0.121
0.012
0.029
9.880
0.024
0.856
7.702
0.216
0.586

0.105
0.264

19 rams
lFiil the containerwithwater

.

compounds IFmTt-i[lla khnc.. PPM i M
AIurrrhum Trihydroxide AI(QH)3 I 4X74 i 7.56E-01

SodiumHydroxfde Nat. ---- .J3E+O0
So&m meta-siliite Na2siw..l I 922 3.86E-03
SodiumAoetate ~~ucw-M 1670 1.46E-02
Sodium Formate H& 107n Q29E-02
Sodiumoxaiate Ns2G 56E-03
Sodium Phoephate N&w&. Id-uu I Yw I 0.09E-03 E

58.993
101.098
1.097
1.987
2.236
0.477
1.173

Mixthoroughly.Then add thissolutionto the firstsolution.Then

Add” Il%mnula Iti., PPlvl [ M

19

rams
[SodiumCarbonate 9567 [ 1.07E-01 11.385

Mix thoroughly.Then

Add Formula CcX-lo.,PPM M 9rams
SodiumNtirate NsN03 90607 1.27E+OCI 107.822
Sodium Nfirfte NsN02 71911 1.24E+O0 85.574

Mixthoroughly and dilute to the mark.

The finaladdiiicmof waterwouldbe, needed = ~[grams
based upona dens.ilyof 1.25 g/mL

Needed’grams

I Final Weight 1250 1

Figure 7. Envelope A Simulant:

:....,~,

Supernate Only
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and one for the simulant solids, Fig. 8, were obtained from the WSRC Waste Processing
Technology group.

Envelope A Entrained Solids

Approximate Supernate Volume

Approximate Supernate Density
Approximate Supernate Mass

At 0.5 wA%solids loading

Total Mass Supernate + Solids

Corn#un$ Compound
Formula

Alumina A1203
Calcium Oxalate CaC204
Chromium Oxide Cr203 “
Ferric Oxide Fe203
Manganese Oxide Mn02
Sodium Oxalate Na2C204
Nickel Oxide NiO
SiIioonOxide S02

Total

1000.0 mL

1.25 g/mL
1250.0 grams

6.28 grams

1256.3 grams

Concentration
@OOg solids

9.20?40

5.0070

26.OCYXO

1.10%
0.3W0

52.4(Y?4O
0.5070
5.4070

99.90940

Needed
grams
0.58
0.31
1.63
0.07
0.02
3.29
0.03
0.34

6.28

*All compounds should be sized between 0.5 and 5 microns

Figure 8. Envelope A Simukmt: Solids Only – 0.5 wt%

Each recipe is shown on a per-liter. basis. The test required a batch of 75 liters, therefore
the quantities shown in both recipes were increased accordingly. (A volume of 75 liters
was chosen to fill the slurry reservoir to the half-way mark, since the test rig proper held
approximately 25 liters and the reservoir tank held 110 .litem. The extra space was
needed for foaming if it had occurred.) Along with the recip&for the solids, Fig. 8, the
particle size distribution was specified: all particle should be between 0.5 and 5 microns
based on the actual waste sampling, Fig. 9a. Therefore, all the solids indicated in Fig. 8
were purchased to that specification. Before adding the solids to the 75 liters of
supernate the customer requested to evaluate the actual solids distribution. It was
important to know if the purchased solids were of the correct size, as well as, what the
distribution would be after the simulant was prepared. On 4/16/99 the 75 liters of
supernate was made. On 4/19/99 a sample of 250 mL of the supemate was taken and
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enough solids were added to obtain 0.5 wt%. Then the sample was submitted to
determine the solids distribution. The distribution was obtained by Microtrac, Fig. 9b, on
5/12/99 and sent to the customer by facsimile transmission. On the same day the
approval to begin testing was obtained. Both the actual waste and the simulant show a
relatively small number of particles greater than 20 microns. In fact, for the simulant the
large particles (thought to be soft sodium oxalate) eventually were broken up and do not
show up @ later distributions. Run 2.00 (water) began the following day and the
simulant w“asfinalized.

.1 2 - 5 W 20 50

1“’2 ’-s 10BSO

S&% lyn @g scale?

Volume Dw@ty

(a) SolidsIlistributioninActualWasteSample

---i--

“ Ar-+-
%w9kmut . .

(b) Solids DistributioninWasteSimulant

Figure 9. Insoluble Solids Distribution

Specifics about the simulant can be found in Appendix E: Analytical Data, but some
general properties at 25°C were:

Slurry Density: -1.23 g/mL at 0.5 wt% insoluble solids and 30 wt~o total solids
Slurry Density: -1.28 g/mL at 8 wt% insoluble solids and 36 wt% total solids
Slurry Viscosity: -3 CPat 0.5.wt% insoluble solids and 30 wt% total solids
Slurry Viscosity (washed): -2 CPat 12 wt% insoluble solids and 14 wt% total solids
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Slurry Rheology -Newtonian (at high insoluble solids loadings Bingharn plastic
characteristics are present, i.e., yield stress. See Figs, E2 and E3)

Supemate Density: -1.21 g/mL at 36 wt% soluble solids
Supemate Viscosity: -1.8 CPat 36 wt% soluble solids
Sodium [Na+] Cone: -5 M

Test Procedure/Matrix

Details of the test matrix and test execution can be found in the Test Procedure (16) and
the accompanying Operational Instructions (17), which are also listed in the task
notebook (4). However, to facilitate understanding of the test’s general operation, the
procedural steps are summarized below:

Daily pre-test activities –

1.
2.

Equipment is turned on to warm up if not already on.
The equipment was checked for functionality and after each of the four liquid-filled
pressure sensing lines (see”Fig. F2; Appendix 1?)were purged with 5 ml of distilled
and filtered water, the transducers were checked at their zeroes for drift. The zeroes
are recorded for 2 to 3 minutes by the DAS. Those data are included in each day’s
data sheets.

Daily testing activities for constant solids runs (low and high concentrations) –

3.

4.
5.
6.

7.

8.
9.

Begin circulating the slurry in the recirculation loop until the temperature reached
25”C.
Turn on the reservoir cooling coil.
Allow the slurry to flow through the cross-flow filter.
Set the appropriate flow conditions as per the test procedure by iterating between
valves V3 and VI.
When the slurry and filtrate loops establish steady flows adjust the backpulse piston
pressure to at least 30 psi over the slurry pressure in the filter.
Set the DAS to read every minute.
BackPulse the filter, hold the piston down for 10 seconds, then allow the filtrate flow
to return. (At times this step had to be repeated so that the flow parameters could be
set correctly. Also, because the filtrate had to refill the backpulse piston plenum, the
filtrate-flow return-time was a function of the filtrate flux. As mentioned in
“backpulse loop” description of the Test Rig section, the vqlume of the plenum was
0.036 gallon/ftz, therefore the recovery time at 0.5 gprnlftz was approximately 0.036/
0.53 x60= 4 seconds. A flux of 0.53 gprdftz was taken because that was close to the
filtrate flux right after a backpulse, Fig. 10.)
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BNFLPilot-scaleX-flowfiltrationTest
Vest No.2.07c:V = 12.3 fth, lMP = 41.7 psi,T = 25”C]

[DataTakenon27 May 1999]

( )

,-.L#

c)
c) c) c) ( )

c)
c)

I -2-1012345 678

I ,~me From A Backpulse, minutes
I

Figure 10. Filtrate flux immediately following a backpulse

10. Allow the test rig to run for approximately 2 hours.
11. Backpulse the filter once again.
12. Repeat from Step 6 for next set of flow conditions or shut down the test rig, if near

the end of the work day.
13. End the test run.

Daily testing activities for wash test runs –
Do Steps 3 to 9 from above, but just before Step 6 pour in a volume of distilled and
filtered water equal to the volume of slurry in the test rig (-50 liters).]

10. Switch valve V13 to the open-loop position so that the filtrate is not returned to the
slurry loop, but is collected outside the test rig.

11. Allow the test rig to run until a volume of filtrate is removed that-l~”equidto the
volume of water that was put in.(Slightl y more mass is taken out than was put in.
because of the filtrate’s higher density.)

12. Switch valve V13 to the close-loop position.
13. Backpulse the filter once again.
14. Repeat from Step 6 for each wash run until finished with all wash runs.
15. End the test run.

Daily testing activities for post-wash dewatering/plugging test “mn–
Do Steps 3 to 9 from above.]

10..Switch valve V13 to the open-loop position so that the filtrate is not returned to the
slurry loop, but is collected outside the test rig.

11. Continue run until either the filter or pumps do not allow further operation.
12. End the test run.
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Shakedown

Before beginning test runs with water to evaluate the filter’s hydraulic characteristics, the
test rig (TR) was cleaned to remove any foreign contamination that may have been left
inside the system from past testing or that could have been introduced when
modifications were made. In March of 1999, before the new seven-tube filter unit was
installed, the entire TR was cleaned with 1 wt% solution of Alconox in distilled and
filtered (0~2micron) water (referred to as DIF water). Fifty liters of this phosphate based
solution was circulated in the TR for several hours at 35”C. This was followed with
several Dl13water rinses, until the water returned-crystal clear. D@ng the cleaning and
rinsing the filter tubes were soaked in water for 4 days. With the TR clean and the filter
installed, the slurry reservoir was filled with 75 liters of DIF water. Several runs were
done with water to characterize the Mott filter.

A cross-flow filter (XF) is significantly different from a dead-end filter in that the main
slurry flow is not forced through the filter medium. Instead, the slurry flows parallel to
the filter substrate while allowing the filtrate to be removed perpendicularly, as a result of
the transmembrane pressure (’TMP). In this way the XF is basically self cleaning as the
turbulent slurry flow tend to shear solids away from the filter wall as they try to adhere.
However, because of this cross flowing stream, there is an added degree of freedom. For
instance, an increase in slurry velocit y may, but not necessarily, lead to an increase in
filtrate flux. This is because the slurry system pressure can be made to decrease. That is,
the Awry system pressure can be controlled independently from the slurry axial velocity
and both of these quantities will affect the rate of filtrate flow. With this in mind, the
following figures are shown to illustrate the character of the Xl? with DIF water, which
contains no solids.

Pilot-scaleCross-FlowIWtrationWaterRuns
New Mott 0.1 micronFilteE3%inch LD.jl/2-inch O.D.,316 SS]

2.00 4.00 6.00 8.00 10.W 12.00 14.00 16.00 18.00 20.00 22.00
● AxialVelocity,R/a ,.

Figure 11. Axial pressure drop vs. axial velocity of water in the cross-flow filter

Figure 11 is the axial pressure drop versus the axial velocity. Those velocities came from
the TR flow settings of 10,20,30,40, and 50 gpm. These obtained results were expected
because a pre-test calculation indicated that the pressure drop at 12.6 ft/s should be close
to 4 psid, and it is. The calculation was not straight forward because to determine an
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accurate pressure drop involves knowing the several contributions to that drop. Figures 1
and 5 show that the pressure taps were located in a diverging/converging plenum region
on either side of the filter housing. Therefore the pressure drop is not only the drop along
the porous filter tube, but it also includes the effects of the tube sheet inserts, expansion
and contraction into the plenums, and the diverging and converging plenums themselves
(where the pressure taps are located). A rough calculation determined that the actual
axial pressure drop along just the porous section of tube is between 6070 and 70V0of the
measured drop. Another aspect of Fig. 11 is the several data points shown for each
combination of pressure drop and velocity. The system pressure at the filter was
increased three fold from approximately 5 to 15 psig which resulted in filtrate fluxes from
approximately 0.1 gprn/ft2 to 0.5 gpm/ftz. The increased pressure had a insignificant ‘
effect on the axial pressure drop as can be seen from the grouping of point in Fig. 11.

The effect of system pressure on filtrate flux at a fixed axial velocity is apparent in Fig.
12. The lines on the graph are isobars, or better, lines of constant transmembrane
pressure (TMP). These data were obtained by adjusting the valves on the test rig to
maintain a constant axial velocity while changing the system pressure. The highest TMP
measured was at 4.4 psid due to the limitation of measuring filtrate flux to a maximum of
0.53 gpm/ft2. This limitation existed because the expected filtrate flowrate of slurry was
to be between 0.02 and 0.2 gprnhlz. Therefore, a flowmeter was calibrated to accurately
measure that target range. However, it did limit measurement with water. Near the end
of the experiment another meter was installed to measure up to 2.2 gprn/ft2, so the final
waterrun (2.22) has higher TMPs.

Effect of Turbulen+ BNFL Pilot-side X-flow
[New Mott 0.1 micron Filter: W8-inchI.D., l/2-inch 0.D., 316 63]

0.6

0.5

0.1

0.0

.

•1

=. *

a %

.

i I I I I I I :.

● lh4P-0.8 pkl

. nAP-1.3@d

A lh4p-1.7@d

● RJP-22@d

0 l?AP-2.6psbi

. lMP -2.8 pdd

A lMP -.9.1 @d

4 7MP-3.7 pad

F# lMP -4.0 p3ki

❑ lMP -4.4 pdd

o Io,ooo 20,003 30,000 ,+0,000 50,000 60,0C0 70,000

Reynolds Number (Mel VelocRy and TubeI.D.)

,,

Figure 12. Fdtrate flux vs. axial velocity of water in the cross-flow filter

What is interesting in Fig. 12 is that for a constant TMP, the filtrate flux decreases as the
velocity increases. A cross-flow filter is really only useful when there is something to
filter. Without solids only the fluid dynamics affect the flow. As can be seen in Fig. 13
the increase axial velocity leads to an increase in the Reynolds number.
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Level of Turbulence, BNFL Pilot-scale X-fiow
[New Mott 0.1 micron Filtec 3&inch i.D., l/2-inch O.D., 316 SS]

70,000 ——- —.— -. 1

_ 60,000-
c)

$ 50,000
@

2
g 40,CO0 m

z
g 30,000
0 0

= 20,CC0

Io,ooo y i
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00

AxialVeiocity,Ws

,Figure 13. Reynolds vs. axial velocity of water in the cross-flow filter

This is not surprising since the Reynolds number is directly proportional to the velocity,
along with the diameter of the flow stream, and inversely proportional to the kinematic
viscosity. The purpose of Fig. 13 is to show the intensity of turbulence. As turbulence
increases, the laminar sublayer decreases, an inertial sublayer is created and increases,
and the scale of energy dissipating eddies become increasingly smaller (18). What this
means is that increasing the shear environment at the tube wall forces the water to enter
into the main stream more than forcing the water through the thin laminar sublayer which
coats the porous-tube wall.

Finally, due to the added degree of freedom, the filtrate flux cannot be simply determined
from just the axial flow velocity; the TMP must also be specified, leading to the family of
curves in Fig. 12. However, an attempt was made to collapse those curves into a single
curve to be more useful. Figure 14 show the results of that attempt,

Pilot-eeela Croes-Flow FiltrationWsterRuns
mewMott0.1 ndcmWittec W-inch I.D. l@inch O.D.316 S6]

7.0-
0

!& 6.0- -
0

5.0-

4.0- 0
0

3.0- 0

2.0-
0 *

1.o-
0

0 Ov

0.0 i
Ocl 0.03 0.08 O.m 0.12 0.15 0.18 021 024 027 0.39

FiltrateVelocity x1000 /Axial Velocity

Figure 4. Normalized TMP vs. filtrate velocity in the cross-flow filter
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RESULTS ANDDISCUSSION

General

The different phases of the test matrix that we will discuss are: initial water baseline, low
solids concentration, high solids concentration, slurry wash, plugging, cleaning, and final
water baseline. After a discussion on some of the analytical and washing results, a
discussion of the hydraulic results will follow the chronological order with the exception
of the water and cleaning runs. Those runs,will be given together in order to see any
lasting effect of the slurry on the filter medium and thereby have a clear perspective of
these test runs. The test matrix (3) was:

Run

2.00
2.01
2.02
2.03
2.04
2.05
2.06
2.07
2.08
2.09
2.10
2.11
2.12
2.13
2.14
2.15
2.16
2.17
2.18
2.19
2.20
2.21
2.22

Test Duration SlurryVelocity TMP
minutes

120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
WA
NfA
WA
N/A
N/A
WA
N/A
N/A

‘ftls - psid
12.2 40
6.6 30
6.6 40
3.3 30
6.6 15
6.6 30
9.1 20
12.2 40
12.2 55
12.2 70
9.1 Best
15.2 Best
12.2 55
6.6 30

Best Best
12.2 40
12.2 55
12.2 70
9.1 Best

15.2 Best
Best Best
NIA N/A
WA N/A

f#Condition

I Water
LowSoIiis Concentration
LowSolidsConcentration
Low SolidsConcentration
LowSolidsConcerrtratiin
LowSolidsConcentration
LowSolidsConcentration
Low SolidsConcentration
Low SolidsConcentration
Low SolidsConcentration
LowSoUdsConcentration
LowSolidsConcentration
LowSolidsConcentration
LowSolidsConcentration
High solids Concentration
Wash*
Wash*
Wash*
Wash*
Wash*
Plugging
Cleaning 1 M NaOH
Water

“These were to be pre-washrunsbutwere done as wash runs

Figure 15. Test matrix as stated in the test specification (3)

Test Run Sequence

As will be explained in the following sections, there were some deviations from the Test
Matrix shown in Fig. 15. For example run, 2.10 was done three times and referred to as
2.10,2. 10b, and 2. 10c. It was repeated for the Best Permeability and the Best Filtrate
Flux flow conditions, since they were different. After run 2.~~, run 2.07 (chosen for the
its flow settings since it had the best filtrate flux results) was repeated too, i.e., 2.07b and
2.07c. At the suggestion of the task leader, and with the concurrence of the customer,
2.07b was a 7+ hour run without backpulsing to see if an asymptotic value for the filtrate
flux could be reached. Run 2.07c was another all-day run but this time there were a
series of different backpulsing frequencies, i.e., 30, 15, and 5 minutes. After run 2.07c
the test rig had an unplanned pluggage while attempting to raise the solids concentration
in the slurry for run 2.14. This plugging caused some down time to clean the test rig and
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make more simulant. In attempting to unplug the test rig the simulant became slightly
more dilute than required for the test. Therefore, run 2.14 was done as if it already went
through one washing cycle. That is, run 2.17 was left out of the matrix when doing
washing runs 2.15 to 2,19 because of the more dilute starting point. However, time
allowed a repeat of runs 2.14 to 2.19 with a new batch of simulant, therefore those runs
were referred to as 2. 14b to 2. 19b. Runs 2.20b, 2.21b, 2.22b are not repeat runs but have
a “b” included because they were done after run 2. 19b. Finally, runs 2.21b and 2.22b are
broken down further as 2.21bl and b2 and 2.22 bl and b2 to illustrate different aspects of
the same run.

Analytical Test Results
[See Appendix E for the entire set of data sheets.]

Filter Effectiveness

First and foremost, the task objective was to determine if the nominal rated O.l-micron
Mott filter could remove all the insoluble solids from the simulant. As already mentioned
in the preceding experimental section of this report, the insoluble solids were made of 7
compounds: 6 metals (Al, Ca, Cr, Fe, Mn, and Ni) with Chromium being the largest
quantity by mass, and Sodium Oxalate, which was the largest single quantity by mass
(Fig. 8). Based on a real-sample analysis (Fig. 9a), the particle sizes purchased for the
solids ranged from 0.5 to 5 microns. F3g. 9b indicates the sizes of solids used were close
to the target values. From Tbl. 1 it is apparent that the filter removed all the solids. Note,
the table shows that the analytical results only indicated the solids present in the filtrate
were less than values shown-(see Appendix E).

InsolubleSolids
Run No. in Slurry,W% in Filtrate,W%

Target(LS) 0.5 0
2.01
2.13
2.14b

d
‘Fromrun2.15b because a measurement
for 2.14b was notmade
‘*Estimatedfrom remainingslurryvolume
.S = Lowinsolublesoliis concentration

.

Table 1. Insoluble solids in the slurry and the filtrate throughout the test

The filter was very effective in removing all the insoluble solids. Furthermore, the basic
sizes of the solid particles did not change during the course of the experiment. Particles
smaller than 0.1 micron could have compromised the filter. Figure 16 shows that the
particle diameter (by a volume distribution antdysis) started at approximately 2.5 microns
and remained that size. The standard deviations were on the same order of magnitude as
the particle diameters. This was expected since the purchased solids were requested to be
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between 0.5 and 5 microns. However, the largest number of particles was closer to 1
micron. When analyzing the particles by a number distribution, Fig. 17, the mean
particle size is very close to 1 micron with one standard deviation being 0.4 micron. As
seen in Figs. 16 and 17, one measurement from each had a bimodal distribution. These
bimodal distributions could have been caused by the clumping of particles while samples
awaited analysis, orb y agglomerated solids that were not fully broken down when the
samples were mixed before measurements were taken. In general, the particle sizes did
conform to the required sizes and the particle sizes remained basically intact throughout
the experiment. See Appendix E for details on the particle size analyses.

Solid Particle Diameter

polume Distribution]
12.0

= 10.0
0
3 8.0
E
~ 6.0

E 4.0
~

n 2.0

● t = Run2.01

l-1.z=~nz.ls IL---L-J
A3=Rm2.14b

a4=Fkm2.16b

_ 94= Fbm2.16b
S

● 5 = Fhm2.20b $
Y- T

4
4} cJ

I 4
+

11 2 3 4 5

Number
[Run 2.16b was bimodal: 64°~6.8 microns), 36?”1 .7micron)]

Figure 16. Particle size based on a volume distribution

I Solid Particle Diameter

I ~” phmber Distribution]

3.0
● 1= FUn2.01 1

= 2,5- - ❑ 2=Fbm 2.13
0 A3 = I%n 2.14b
5 2.() - –

1I

z
04. Run2.16b

~“1.5
= 5 = Run2.20b

jl.o’ b
95= Run220b

[ J I c) QI

n 0.5-
r, J

I 1 2 3 4 5

I Number
[Run 2.20b was bimodal: 47%(2.2 microns), 537<1.0 micron)]

Figure 17. Particle size based on a number distribution
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Washed Slurry

As already mentioned, there were two sets of washing runs: 2.15 to 2.19 and 2. 15b to
2. 19b. During the first set, run 2.17 was not done because during the concentrating run
2.14 the test rig plugged and in the process of unplugging the rig the slurry was diluted.
The slurry for run 2.14 received enough water that it made the slurry equivalent to an
initial wash run. Therefore, to keep the number of wash’runs the same, run 2.17 was
omitted. Further, because of the dilution it was thought best to make another batch of
slurry to redo 2.14, which became 2. 14b, which thereby allowed the wash runs to be
repeated. While there are some differences between the two set of test runs, the data are
similar and only those for test runs 2. 15b to 2. 19b are discussed here (see Appendix E for
all the data).

* Sodium *
One of the major reasons for washing is to reduce sodium content. Figure 18 shows the
Na+ reduction.

Na Pilot-scale X-Flow, Env. A + ES

10.00
(Concentrationin Filtrate)

s
z

~ 1.00.
2 1 [ m 1

I
I I \ A

I
I I

1 2 3 4 5 6 7

Numbar
[Ncxl=Targa&Noa:2-7Runa:2.14b,2.15b, 2.16b, 2.17b, 2.16b, and 2~19b]

Figure 18. Reduction of sodium with successive washings

Point number 1 was the target sodium concentration of 5.5 M. Point number 2 shows the
actual sodium concentration for run 2. 14b was 5.2 M. Numbers 3 to 7 show the sodium
level after each batch of 50 liters of water was added to the slurry reservoir that held
approximately 50 liters of slusxy. The line of points in Fig. 18 from number 2 to 7 is
fairly straight on the semi-log scale, which was not unexpected. Figs. 19 and 20 show
how the filtrate density and viscosity changed as the sodium level decreased from
approximately 5 M to 0.1 M.
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* Oxalate *

Effect of Washing on Filtrate Density

10.00 1.00 0.10
Sodium, Molarity

1.25

1.05

1.00

Figure 19. Filtrate density vs. sodium during washing

Effeot of Washing on Filtrate Viscosity
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.1.60 ~
;

1.40 :
E
E

1.20 $

1.00
10.00 1.00 0.10

Sodium, Molarity

., ”..

Figure 20. Filtrate viscosity vs. sodium during washing

A chemical that may have had an impact on the changes in sQlids loading was the
chemical compound of oxalate. As seen in Fig. 8, approximately 50% of the “insoluble”
solids that were added to the slurry was comprised of sodium oxalate. Of all the solids
this one was expected to give the largest problem because of it being more readily
dissolved in the simulant than any of the others. However, the simulant was designed
such that the oxalates added as insoluble solids should have stayed undissolved. The
liquid portion of the simulant, the supernate, was to be saturated with sodium oxalate
before adding the solids.
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C204: Pilot-scale X-Flow, Env. A + ES

(Concentration in Filtrate)

123456789 10
Number

Figure 21. Oxalate changes in the filtrate during the test
[Note Exceptfornos.1and10alloxalatevaluesarefromthefiltrate]

Figure 21 implies that most of the oxalates in solid form remained that way. The oxalate
concentration in the filtrate, nos 2 and 3, for the low concentration runs of 2.01 and 2.13,
was approximately 0.005 M. Number 1 is the value of the oxalate concentration from all
its sources in the slurry, 0.03 M, and of this amount 0.004 was already included in the
supernate. This indicates that after the solids were introduced, the liquid picked up about
another 10 % in oxalates, i.e., 0.001 M + 0.004 M = 0.005 M. It is assumed that the
supernate was fully saturated with oxalate at 0.005 M. The value of number 10, i.e., 0.55
M, is the amount of oxalates in the slurry for all test runs starting with run 2.14. The
oxalate values for numbers 4 through 9 are from the filtrate samples that came from the w
slurry with this higher oxalate concentration. However, the supernate of the slurry before
washing should have still been. saturated at the@.005-M level. Therefore, the oxa.late’~“-: ‘
concentration could only increase as the saturation level increased during the wash runs.
Looking at the results from all the wash runs 2.15b to 2. 19b (numbers 4 to 8) the oxalate
in the supernate does increase as more and more water is added but it showed a maximum
of 0.089 M on the third wash. Afterwards, the concentration decreased on the fourth and
fifth wash runs. Note that all 5 wash runs were done in succession, and all on the same
day. The time frame was short between water additions and the oxalate values, i.e., 4 to
8, may not be from a mixture at equilibrium. The oxalate value in the filtrate at the
beginning of run2.20bis0.11 M, shown as No. 9 in Fig. 21.’ This filtrate sample was
taken from the same dilute slurry that gave the result for run 2. 19b, no. 8. The only
difference is that run 2.19b was finished at 8 p.m. on one night and the sample for the
beginning of run 2.20b was taken at 11 a.m. on the following day. That is, the slurry sat
for 15 hours. This may indicate that the slurry was not at equilibrium on the preceding
day, but then it was allowed to reach its full saturation level, which maybe 0.11 M of
oxalate. In any case, this still left 0.55 M -0.11 M = 0.44 M of oxalate in the slurry
which probably stayed in the solid forms of sodium oxalate and calcium oxalate.
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Therefore, there seems to be some loss of the sodium oxalate solids into the supemate but
not all. Figure 8 shows that sodium oxalate comprised approximate 50% of the mass of
The solids. The data indicate that only 10 to 30% of the oxalate solids was incorporated
into the supemate.

For further information on the concentration of the many species in the simulant slurry,
see Appendix E. All the analytical data taken and graphical results for many of the
chemical- c”oncentrations can be found behind Table El in that appendix.

Hydraulic Test Results

Water Test Runs 2.00 and 2.22b and the Cleaning Run 2.21b
[See Appendix A for the entire set of data sheets.]

Permission to start the test was received on 5/12/99 and testing began on 5/14/99 with the
first required test: water, As explained in the shakedown section, the filtrate flowmeter
could only measure a maximum of 0.53 gprrdftz. As can be seen from Fig. 22, for run
2.00, at 0.43 gpndftz, the TMP was only 3 psid and therefore the 40 psid requested by the
test specification was not possible. The intention was to repeat the final water run, 2.22,
with the same TMP so a comparison could be made. Figure 22 shows the results.

BNFL Pilot-scaleX-fbw FiltrationTest Envebpe A + ES
rest No. 2.(XI H20, V = 12.2 ftls,TMP = 3.0 psi, T= 25%]

vest No. 2.22bl: H20, V = 12.4 ftk, llklP = 2.9 psi,T= 25”C]
Pate Taken 5/14B9 (2.00) and 7A%99(2.22bl)]

O 10 20 30 40 50 60 7’0 80 90
Time(minutes)

,.. ...

Figure 22. Water runs before and after the Etw. A test

It is clear from the figure that the more than 60 hours of filter operation with slurry took
its toll. The new-filter filtrate flux of approximately 0.43 gpm/ftz was reduced to 0.16
gprn/ftz. However, there are at least two reasons, which mitigate this significant
difference: 1. new filter and 2. low TMP.
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1. New filter – Since this test started with a brand new filter it is not surprising the filter
would have a reduced filtrate flux after many hours of slurry filtration. The filter was
cleaned for more than 36 hours, as per the test specification, with a 1 M NaOH
solution. Figure 23 shows results of two portions of the cleaning run. Since the flow
parameters were changed several times during the run only two were chosen for this
figure. The different run numbers, 2.21bl and 2.2 lb2 only indicate that different
TMPs were used. The slope of those curves in l?ig. 23 decrease very slowly with time
indicating that while the filter may be clean some residue remains. There was enough
time to clean the filter twice, so another 20 hours of cleaning was done. The data in
Figure 23 were taken during the second cleaning cycle. It appears that further
cleaning would not return the filter to its original state.

BNFL Pilot-scale X-f!ow Filtration Test
~est No. 2.21bl: HN03, V = 12.3 ftls, TMP = 2.9 psi, T= 25°C]

Test No. 221b2: HN03, V = 12.8 ft/s,TMP = 11.0 psi,T = 25’C]
[Data Taken 7/6/99] .

~ 0.5-
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ERun 2.21bl

~ 0.2
+Run 2.21b2

0
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.=
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Figure 23. Cleaning mn

2. Low TMP – A TMP of 3 psid was not easy to maintain for run 2.22b. Backpulsing
was not effective because the filtrate flowrate would not return after a backpulse. To
obtain data the TMP had to be increased until the filtrate flow was established, then
the TMP could be reduced to 3 psid. (This was not the case for the new filter.) The
difficulty to reestablish flow clearly indicated that the filter was not returned to the
same level of cleanliness as when it was new. This dynamic stability could only be
maintained as long as a backpulse was not done at this low TMP. Some of the
smallest solid particles from the slurry must have lodged within the filtrate wall
makings its removal more difficult. However, the intention is to operate the filter
with a TMP of more than 10 times this low-pressure difference, therefore this effect
at the higher operational TMP will be insignificant.
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On 7/13/99 another filtrate flowmeter, Q3, with a larger flow range, was installed on the
test rig, in series with the original flowmeter, Q2, see Fig. 1. This allowed higher filtrate
fluxes to be measured in run 2.22b. Figure 24 show those results.

-.

.

BNFL Pilot-scale X-flow Filtration: Envelope A + ES

rest ‘No.2.22b, Water at Temperature = 25°C]
[Data Taken on 14 July 1999]

O 10 20 30 40 50 60 70 80 90

Time (minutes)

Figure 24. Water run at higher TMP using flowmeter Q3

Low Solids Concentration Test Runs 2.01 to 2.13
[See Appendix B for the entire set of data sheets.]

.
Included in this series of test runs are 13 planned runs and 4 unplanned runs (2.07b,
2.07c, 2.10b, and 2.1OC). By far, this series of runs comprised the largest amount of data
taken.

* Overall comparison *
Figure 25 is an attempt to compare all the low solids concentration test runs together.
Unfortunately, a direct comparison among all the runs is not straight forward because run
times differed for many reasons. Therefore several methods of comparison were chosen.
Figure 25 show three different filtrate flux values: The mean value over the en&e time of
the test between backpulses, the value at ?4hour after a backpulse, and an integrated
value for the first 1%hour of filtering. (Note that the numbers on the abscissa of the graph
correspond to the numbers in the table below the graph.) r ‘

In general, it appears the integrated value is always larger than the mean or point value.
This makes sense because the integrated value is only for the first Y2hour, which includes
the high filtrate flux just after a backpulse. (The period of 1%hour was chosen because
there are only approximately 22 minutes of data for run 2.03 and the largest interval ‘
between backpulses for run 2.07c is % hour.) Now, the mean value also includes the data
near the backpulse, but the mean is taken over the entire time of the test run which
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reduces the weighing of those points. (Run 2.07b is the exception because it lasted 7.5
hours. For that run, the mean value was obtained for the first 2 hours after the backpulse
so that it could be compared to the other runs.) Coincidental y, the point value of % hour
is generally equal to the mean value, based on approximately 2 hours of data. While this
is an interesting fact, and maybe useful to know, it is only a coincidence. Some other
exceptions are: For number 3 (run 2.03) because of having only 22 minutes of run time
an extrapolation of the data to 30 minutes was done to obtain the %-hour value and the
integrated value at 1%hour of the filtrate fluxes. Number 17 (run 2.07c) had backpulsing
every 30 minutes (for 3 hours), 15 minutes (for 2 hours), and 5 minutes (for 1.5 hours),
therefore there is no one-hour value. Therefore, the mean filtrate flux is based on the first
30 minutes, which give a high values and is closer to the integrated value than the point
value at 1/2hour.

0.21
g ().19
Q.0.17
:0.15
e 0.13
g 0.11
z 0.09

0.07

Filtrate Flux of Envelope A Simulant + 0.5 WWO Solids

[Point value(after l/2h), Integrated Value(first l/2h),
and a Mean Value (entire run)]

I I I I I I I d [ I I I I I 1 i

1 2 3 4 5 6 7 8 91011121314151617
Number (see table below)

= Point FluxaIter 1P hour o IntegratedFluxaiter 1/2 hour A Wan fluxBetweenBackpulses

Figure 25. Composite of all 17 low solids concentration test runs
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From Fig. 25 it would appear that the flow conditions of either number 7 (run 2.07),9
(run 2.09), or 13 (run 2.11) could produce the best filtrate flux. Of interest is that for runs
2.07 and 2.09 the axial slurry velocity is the same, 12 ftls, but the TMP differs by 30 psid.
It would appear that the added TMP is not very effective in increasing filtrate flow. Run
2.11 has the same TMP as run 2.07 but the slurry velocity is higher by 3 ft/s. When
comparing 2.07 with 2.11 it would not appear that the added velocity helps. However,
what needs to be considered is the fact that with time the filter flow is affected by how
the filter becomes dirty and by the size of the solids particles. A look at Fig. 26 shows
the reduction of filtrate flux for similar slurry velocity and TMP condkions.

0.17

f

0.16

0.15

g 0.14

x“ 0.13=
~ 0.12
%= 0.11

K 0.10

0.09

Filtrate Flux Degradation
[Flux: 90-minute average of filtering]

~lme: Accumulated hours among similar Test Runs]

ilzll, I I ~1 I I I

1 1 1 1 , 1 , , 1 , , A

0246 8 10 12 14 16 18 20 22 24 26
Filtering Time, hours

--+ VeL=6.6 ftk; TMP=32psi +Vel.=12 W; TW=42 psi +Vel.=12 fVS;TMP=56 psi

Figure 26. Effect of time on filtrate flow
@?iltrateFlux= 90-minuteavexageof filtering]

~ilteringTime= accumulatedfilteringhoursamongRunswiththesameflowconditions]

The error bars included in Fig. 26 are from the calculated measurement uncertainty of
6.72% for filtrate flux that can be found in Appendix F. Note that time shown is based on
the number of accumulated filtering hours among tests with the same flow conditions,
and not the number of hours of the entire test program. For example, the zero time for
the three tests that had the flow conditions: slurry velocity = 6.6 ft/s, TMP = 32 psid, is
the time that the first of those three tests began, etc. As stated, this filtrate flux reduction
is due to the slurry becoming more difficult to filter (smaller particles) or the filter
becoming filled with solids that do not dislodge with a backpulse. While the former
effect did exist, it was insignificant. From the analytical measurements in Appendix E
the measurement of the particle sizes can be found before and titer the low solids
concentration runs. Those results are repeated here:

Test Insoluble Avg Particle Avg. Particle
Run Solids Loading Diarn. (by Volume) Diam.(by Number)
2.01 0.5 WtYo 2.59 microns 1.031 microns
2.13 0.3 wt% 2.32 microns 1.027 microns
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A portion of the “insoluble” particles seems to have been lost or dissolved into the slurry
liquid since amemurement of thesolids loa&ngindcate adecreaseof4O%. Becauseof
the small quantities of insoluble solids the measurement uncertainty may make this
difference insignificant. However, there did seem to be a 10% decrease in particle size
(by Volume). If particle reduction occurred, some of that reduced mass could have been
lodged within the walls of the porous filters. Still, this possible depth fouling was small
compared to the surface fouling since a backpulse would increase the flux by about four
fold (for example, see the right hand side of Fig. 29 after the final backpulse was made).

Even with filtrate flux degradation occurring, comparisons can be made among the many
test runs to determine an appropriate set of flow conditions to operate the cross-flow
filter. During the first 16 runs only the TMP and the Axial slurry velocity were changed.
(For number 17, run 2.07c, the backpulse frequency was varied.) Therefore, a closer look
at that those changes should elicit the information necessary.

* Filtrate Flux as a function of TMP *
Figures 27a, b, c, and d show a composite of four graphs; each for a constant axial slurry
velocity. Figure 27a is for slurry velocity of 6.5 ft/s and a TMP from 16 to 44 psid. ~

0.5

‘0.0

Pilot Scale X-Flow, Env. A + ES
(0.5 W’% Insoluble, 28 W% Total Solids)

(7’ = 25”C, Slurry Velocity= 6.5 d II/s)
I I I I I I
❑ Run 2.02: W. 44 psi A Run 2.04: TMP= 16 psi 1

1 1

a I I 1 i

D

(3

o 20 40 60 80 100 120 140
Time, minutes

Figure 27a. Effect of TMP at a slurry velocity of 6.5 ftis

For all intents and purposes both data curves in Fig. 27a are the same. This indicates that
the filtrate flux is at best a weak function of TMP- In fact, that pattern repeats itself in
Fig. 27b. In Fig. 27b the two curves are practically on top of each othe~ it appears that
the large TMP increase from 20 psid to 70 psid is just wasted energy.
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Pilot Scale X-Flow, Env. A + ES
(0.5 wt% Insoluble, 28 wt% Total Solids)

(T= 25”C, Slurry Velocity= 8.9 d? Ws)

0.5 b I 1 I I I

z [’ o Run 2.06: TMP = 21 psi o Run 2.1O:TMP = 72 psi
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Figure 27b. Effect of TMP at a slurry velocity of 9 ft.h

Pilot Scale X-Flow, Env. A + ES
(0.5 wt% Insoluble, 28 wt% Total Solids)

(T= 25”C, Slurry Velocity= 12.2*2 W)
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Figure 27c. Effect of TMP at a slurry velocity of 12 ft/s
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Pilot Scale X-Flow, Env. A + ES

(0.5 wf% Insoluble, 28 W% Total Solids)
(T= 25°C, Slurry Velocity= 12.2*2 ftk)
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Figure 27d. Effect of TMP at a slurry velocity of 12 ft./s

From Fig. 27c, the higher TMP does seem to play a role when the slurry velocity
increases. At a slurry velocity of 12 ft/s there is an approximate 20$Z0increase in filtrate
flux when the TMP is increased from 24 psid to 70 psid. Since the measurement
uncertainty of the filtrate flux is &7% this increase is significant. However, a TMP
increase to 70 psid may not be necessary. Figure 27d shows that by increasing the
pressure from 24 psid to 42 psid, the filtrate flux is within 7% of the 70-psid curve, which
is a statistically insignificant difference.

* Filtrate Flux as a function of Axial Slurry Velocity *
Figures 28a, b, and c show a composite of three graphs; each for a constant TMP. Figure
28a is for a constant TMP of 20 psid. At that pressure only two runs were done at slurry
velocities of 9 and 12 ft/s. The two curves are almost exactly the same, which could . -.

mean that velocity has no effect on filtrate flux but since the TMP is very low and the
velocities are close, more data are needed. Figure 28b doubles the TMP to 42 psid. Here
there is a significant difference between the curve for a slurry velocity of 6 ftls and 15
ftfs.

Specifically, the filtrate flux’is approximately 60% higher at 15 ft.lsthan at 6 fth.
Moreover, it must be noted that there was approximately 20 hours of filtering between
these two runs, 2.02 and 2.11, see Fig. 15. During that time period Fig. 26 indicates that-
under similar conditions the filtrate flux decreased by about 20%. Therefore, the top
curve (run 2.11) in Fig. 28b could have been 20% higher if data were taken at the same
time as the bottom curve (run 2.02). This means the filtrate flux could have conceivably
been 80% higher at 15 ft.k than at 6 ft/s ! Even between the top two curves (n.ms 2. 10c
and 2.11) there is a 129i0increase in the filtrate flux. These two runs were done
consecutive y on the same day so there should have been no effect of time. However,
this 12% difference is just barely significant.
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Pilot Scale X-Flow, Env. A + ES
(0.5 wt% Insoluble, 28 wf% Total Solids)

(T= 25°C, TMP = 20 *4 psi)
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Figure 28a. Effect of ‘h.xialslurry velocity at a TMP of 20 psid

Pilot Scale X-Flow, Env. A + ES
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Figure 28b. Effect of axial slurry velocity at a TMP of 42 psid
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Fig. 28c clearly shows a significant improvement in the filtrate flux (30%) when the
slurry velocity of 9 II/s is increased to 12 ft/s at a constant TMP of 71 psid. Once again,
these two runs (2.09 and 2.10) were done consecutively so the slurry filter and shwry
characteristics should have been the same. Except for the lowest TMP, 20 psid, the
relationship between filtrate flux and axial slurry velocity appears to be linear. That is,
for a 10% increase in velocity there is approximately a corresponding 10% increase in
filtrate flux.

Pilot Scale X-Flow, Env. A + ES

(0.5 wt% Insoluble, 28 wt% Total Solids)
(T= 25”C, TMP = 71 *1 psi)

0.5 *

f

I I I I I
o Run 2.09 V= 12.3 ftls oRUfI 2.10. V= 8.8 ftk

0.4
Q

: 0.2 -

IA
0.0 I

o 20 40 60 80 100 120 140
Time, minutes

Figure 28c. Effect of axial slurry velocity at a ‘IMP of 71 psid

Finally, backpulsing clearly improved throughput of filtrate but that improvement must
be balanced against the downtime caused by the increased frequency of cleaning. That is,
excessive backpulsing can be detrimental to long-term performance, depending on the ‘
type filter used. For this task, the filter manufacturer recommends that -the~backpulse
frequency be no greater than once an houq the longer the time between baclcpulses the
better. Even though the filter elements used had a thick wall (0.0625 inch as opposed to a
thin membrane filter), it is made to function as a surface, and not a depth, filter. The
solids to be removed from the slurry are to remain on the surface of the filter and not
lodged within the filter wall. As the filter cake builds, it itself becomes a filter removing
smaller particles than the fixed filter on which it lies. When a backpulse occurs, most, or
all of the filter cake is knocked off the fixed filter surface, which allows a higher filtrate
flux, but also exposes the filter substrate to smaller solid particles. Overtime these
smaller particles will cause depth fouling and a reduced performance ‘Matcannot be
improved though backpulsing. Fortunately, the long-term performance, without
backpulsing, still gave an adequate filtrate flux. Figure 29 show the results of a test done
over more than seven hours between backpulses. At the end of the test, the filtrate flux
was still above 0.10 gprdftz and by the asymptotic behavior, the flux appears fairly
constant after 7 hours and possibly could have been maintained for many more hours
“without a backpulse. (Note, the sudden drop at the end of the run was caused by taking a
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filtrate sample which involves opening the filtrate flow system, thus causing a reduction
in system pressure.) The mean filtrate flux over the 446 @nutes of the test was ‘O.118

gpm/ft2 (see Fig. B 16 and the accompanying data in Appendix B).

i 13NFL Pilot-scale X-flow Filtration Test EnvelopeA + ES

I rest No. 2.07b: V = 12.3 fVs, TMP = 41.5 psi, T= 25°C]
[Data Taken on 26 May 1999]
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Figure 29. Long term filter operation between backpulses

Even though there are reasons to minimize backpulsing, there was interest in knowing
how increasing the backpulse frequency increases the filtrate flux. Figure 30 compares
the results from 3 runs that had similar flow conditions (see Fig. 25 for the conditions and
actual times): 2.07b (with -7.5 hours between backpulses), 2. 10c (with -2 hours
between backpulses), and 2.07c (with 30, 15, and 5 minutes between backpulses; see Figs
B 17a and B 17b in Appendix B); the increase is significant. That is, by increasing the
backpulse frequency by a factor of 90, [(7.5 hrs / {5 min/60) = 9@]>thefiltrate flux
increased, but only 2 fold, [from 0.12 to 0.25 gpm/ftz]. Many studies (19, 20,21, 22)
clearly show the advantage of increasing the backpulse frequent y, even to frequencies of
10 to 20 Hz. However, filters that work well at those frequencies are very thin
membranes where depth fouling is generally not a factor, i.e., a particle that mhages to
enter a filter pore just goes ‘tight through because of the thin membr~e. For the robust
sintered-metal filter, used in this task, depth fouling cannot be ruled out. Therefore, it
must be reiterated that’an increase in filtrate flux may come at the expense of an
increased rate of depth fouling. Figure 26 implies that for runs with approximate y a 2-
hour backpulse frequency, the filtrate flux is reduced by 10 to 15% over a 24-hour period
of continuous filtering. Time did not allow evaluation of the long-term “consequences on
filtrate flux for other backpulse frequencies, but it seems logical that the steady-state flux
would decrease faster as the frequency increased. Since high frequency backpulsing
means the fixed filter surface remains freer of a filter cake, the smallest solids particles in
the slurry would have more time to challenge the filter wall.
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BNFLPilot-scale X-flow Filtration Testi Envelope A+ ES
[Effect of increasing the Backpulae Frequency]
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l+gure 30. Filter operation with an increasing backpulse frequency

High Solids Concentration Test Runs 2.14, 2.14a (Ike-wash)
[See Appendix C for the entire set of data sheets.]

Two test runs were done before washing occurred. Originally, there was to be only one
run, 2.14, before washing, but in concentrating the slurry the test rig became plugged. In
an attempt to free the plug from the test rig the slurry became diluted with water.
Subsequently, the washing runs, 2.15 to 2.19 were done, with 2.14 assumed to be the first
wash run because of the added water. However, time allowed the mixing of another
batch of similant, thus a new set of runs was done starting with 2.14b. While there were
two pre-wash runs, the solids loading was never brought above the required 20 wt%
because of plugging concerns. Furthermore, instead of straight dewatering, the slurry
was concentrated by adding solids directly to the slurry after a fixed amount of filtrate
was removed. This method was used to allow for a much smaller starting volume of
slurry. Theoretically, this method was possible because the two quantities, i.e., supemate
and insoluble solids, were thought not to interact with each other except for physical
space. Unfortunately, after removing 37 liters of filtrate from the 75 liters of slurry,
problems occurred on adding the solids to the supemate. When the insoluble solids
loading was between 10 wt% and 15 wt% the test rig became plugged. In an attempt to
prevent a long shut down and free up the test rig immediately, the 37 liters of filtrate was
returned to the slurry. The added filtrate did not relieve the plug so three separate
additions of DIF water were added, for a total of38 liters. Despite the water addition, the
test rig remained plugged and had to be shut down. The majority of the dilute slurry was
drained from the test rig, which was then dismantled to remove the pluggage. mote:
When the test rig was disassembled the plug was found in the test-rig piping and not the
filter. The pluggage occurred because of the way the solids were incorporated into the
slurry. In pouring the solids directly into the slurry reservoir of the test rig some of the
solids did not have time to become well mixed in the sk.my isolated clumps of solids
were found in the pipes. Those clumps contained dry solids that did not did not mix with
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the liquid and when a clump met a bend in a pipe it stuck, which prevented further flow.
The second batch of simulant was made in a separate tank to make sure the slwiy was
well mixed before introducing it into the test rig.]

After the test rig was cleaned, the experiment continued. Run 2.14 was done with the
remaining slurry, which had a calculated insoluble solids content of 9 wt~o. A
subsequent measurement showed the solids loading to be closer to 7 wt%. This
difference may have come from some of the solid sodium oxalate dissolving in the more
dilute slurry.

Based on the low-solids concentration runs, the best combination of axial slurry velocity
and TMP was chosen to be 12 ftis and 40 psid, respectively. Figure 31 shows that a
relatively high filtrate flux was obtained despite the 7 wt% insoluble solids loading.
However, since the slurry was diluted with water and the sodium level is estimated to
have been close to 3 M, instead of the original 5 M. [Note, that there are two curves in
Fig. 31 because the run was restarted to adjust the TMP, which drifted high.] As already’
stated above, since time allowed, the slurry was adjusted to raise the sodium level back to
over 5 M to redo the run, which was called run 2. 14b.

BNFL Pilot-scale X-tlow FiltrationTest EnvelopeA + ES
rest No. 2.14 V= 12.1 fVs,TMP =43.5 psi, T= 25°C]

[Data Taken on 11 J- 1999]

I o 20 40 60 80 100 120 140 160 180

I Time, minutes

.-

Figure 31. Run 2.14:7 wt% insoluble solids; 26 wt~o total solids

,!
Figure 32 shows the results of the new run with the sodium level back over 5 M. The—
insoluble solids loading was calculated at 11 wt% but a subsequent sample analysis
indicated a value closer to 8 wt%. The filtrate flux over the entire run stayed above 0.1
gpm/ftz and in fact was very similar to the last low-concentration continuous run, 2.07b
which had very similar flow conditions (see Fig. B 16 in Appendix B). This indicates the
added insoluble solids had an insignificant effect on filter operation. From this
experience higher pre-wash slurry concentrations are possible and maybe even reaching
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and surpassing the target 20 wt%. However, because of the aforementioned
circumstances there are no quantitative data to make a more definitive statement.

BNFL Pilot-scale X-flow Filtration Test Envelope A + ES
rest No. 2.14b: V = 12.5 Ws,TMP = 41.3 psi, T= 25°C]

[Data Taken on 16 June 1999]
.
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Figure 32. Run 2.14b: 8 wt% insoluble solids; 36 wt% total solids

Wash Test Runs 2.15-2.19 and 2.15b-2.19b
[See Appendix D for the entire set of data sheets.]

There were nine different wash test rims. Test runs 2.15-2.19 were repeated when a new
batch of slurry was made to repeat run 2.14. The new tests are referred to as 2. 14b-2.19b,
with the fmt wash run beginting with 2. 15b. From all these runs the hydraulic aspects
are best illustrated by run2. 15, Fig. 33.

..
BtWL Pilot-&ale X-flowFiltrationTest Envelope A + ES

pest No. 2.15 ~ V = 12.4 ttfs,TMP = 34.5 psi, T = 25”C]
[Data Taken on 11 June 1999]
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Figure 33. Typical wash test run



Pilot scale X-flow: EnvA+ES Page 45 of 226 BNF-O03-98-0221
Revision O

Figure 33 shows two different characteristics: 1. A descending curve, typical of a cross-
flow filter curve for slurry after a backpulse, and 2. a relatively flat curve that lasted
approximate y twelve minutes. This flat curve occurred when the filtrates ystem was
opened to remove 45 liters of filtrate. (These numbers match the data in Fig. 33, because
45 L / 3.785 L/gal/ 12 min. / 2.29 ftz = 0.43 gpndftz, which is close to graphical result
shown.) That is, to dewater the slurry, so that the next charge of washing water could be
introduced into the test rig, the filtrate system was opened using valve V13 in Fig. 1; the
filtrate was collected and sampled. While the filtrate was collected, the open valve
allowed the pressure in the filtrate loop to drop since it was not forced back to the slurry
loop. This reduced pressure caused the flow parameters, i.e., slurry velocity and TMP, to
change. Therefore, the initial flow conditions were set so that when the filtrate valve was
opened the flow conditions came close to the test specification requirements. It was not
always easy to set the correct flow and therefore many of the data sheets for the washing
runs show quite a bit of adjustment before the filtrate was actually drawn from the test
rig.

During the washing runs there was a concern about the filtrate flux increasing above the
measurable limit of 0.53 gpndftz. Because of the water additions, the filtrate flux was
expected to increase as the slurry became successive y more dilute. As mentioned, run
2.15 was considered the second wash run since the slurry for run 2.14 was already diluted
with water because of the test rig pluggage. In Fig. 33, the first couple of points after the
backpulse are above the calibrated range of the filtrate flowmeter and are therefore
meaningless. As a backup measurement, a bucket and stopwatch technique was used to
verify the filtrate flux when filtrate was drawn. Fortunate y, the portion of the curve
when the filtrate was being drawn was always below the threshold of the filtrate
flowmeter for all test runs.

Dewatering/Plugging Test Run 2.20b
[See Appendix C for the entire set of data sheets.]

,. .
Figure 34 shows the result of this”relatively short test of 50”minutes from the backpulse.
The goal was to dewater/concentrate the post-washed slurry to the point that filtration
was no longer possible, due to either the filter plugging or for some other operational
reason. Starting with approximately 80 liters of slurry in the test rig, the slurry was
dewatered by removing filtrate in batches of approximately 7.3 liters. After each batch
removal, the density of the slurry was measured and samples were taken three times to
have information on the slurry as it approached possible plugging. A total of 6 full
batches of filtrate were removed before stopping during a 7ti ,batch, which reduce the
slurry volume to less than 35 liters. (The actual final volume was closer to 30 liters.) The
filtering never stopped and while the filtrate flux decreased throughout the test, at the end
it still was filtering at 0.25 gpm/ftz when the insoluble solids loading was estimated at
approximately 16 wt% [see Table 1 (page 26), tin 2.20b end].
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BNFL Pilot-scale X-flow FiltrationTest Envelope A + ES

rest No. 2.20b: V = 10.7 ftls, TMP = 44.4 psi, T= 25”C]
[Data Taken on 17 June 1999]
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Figure 34. Dewatering/Plugging test run

Figure 35 shows how the density of the post-washed slurry increased after each of the 6
batches of filtrate was removed. Included in Fig. 35 are three measurements of solids
loading that were made. The middle set of numbers (at 65 liters of slurry remaining) has
no reading for insoluble solids because the analytical measurement was in error and had
to be discarded. Finally, in attempting the 7ti batch the test rig was stopped when flow
could not be maintained. The test rig needed 26 liters to keep it liquid soIid and the extra
4 liters of the remaining 30 liters of thickened slurry were not sufficient to maintain the
pump suction pipe full. The slurry was spread around the tank such that a good sample
could not be taken, therefore a final density was not obtained

Dewatering/Plugging Test Run 2~b
[Data Taken on 17 June 1999]
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Figure 35. Dewatering/Plugging test run with post-washed slurry
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CONCLUSIONS

The following conclusions are for the nominal rated 0.1 micron Mott cross-flow filter
which was used under the conditions stated herein at a slurry temperature of 25”C.

Filter Effectiveness

1. There was no measurable quantity of insoluble solids in the filtrate under any
circumstance from the filtered slurry that had a solids loading from 0.5 wt% to greater
than 16 wt% and for particle sizes measured as small as 0.76 micron.

Slurry Wash

2. Using 4 equal quantities of distilled and filtered water (each quantity equaling the
volume of the slurry to be washed), the sodium molarit y of the filtrate decreased from
5.2 M to 0.29 M, while the dynamic viscosity decreased from 1.8 CPto 1.1 CPand the
density decreased from 1.214 g/mL to 1.015 g/mL. For a fifth wash those numbers
decreased to 0.13 M, 1.01 cP, and 1.0095, respectively.

Hwiraulic Characteristics

3.
4.
5.

6.
7.

8.

9.

10.

11.

Water flux through a used cleaned filter maybe as low as a third that of a new filter.
Surface fouling of the filter is the dominant mechanism of fouling.
Higher slurry velocities and higher transmembrane pressures lead to higher filtrate
fl~es. However, the increase in filtrate flux is strongly affected by the slurry
velocity but only weakly by TMP.
Slurry velocities for steady-state operation should be 12 ft/s or higher.
A TMP of 40 psid or 55 psid, with the velocity in conclusion 6, will give close to the
best filter flux performance. Increasing the TMP to 70 psid will increase the filtrate
flux slightly but that small increase may not justify the larger energy expenditure for
the higher presstire. -Also., the lower TMP will increase the life of the cross-flow filter
due to”a lower cleaning frequency.
For a low concentrations of insoluble solids (0.5 wt%), based on conclusion 7, run
2.07, shown in Fig. 25, gave the best overall filtrate flux of 0.20 gprn/ftz at the
conditions of a slurry velocity of 12.3 ftls and a TMP of 42 psid. This flux is based
on an integrated value of he measured flux for the first one half hour of operation.
Even for the n.mthat lasted more than 7 hours without backpulsing (Fig. 29), the
mean filtrate flux was still 0.12 gpn-dftz,and it appeared that this flux could be easily
sustained for many more hours. ,.

For high concentrations of insoluble solids (8 wt%) the filtrate flux remains above
0.10 gpm/ftz for at least 2 hours after a backpulse.
The cross-flow filter still functions satisfactorily for an insoluble solids loading of 16
wt%; the post-washed slurry had filtrate fluxes better than 0.2 gpndftz.
An average filtrate flux of 0.12 gpm/ftz can be maintained for at least 7 hours without
backpulsing. It can be increased to 0.16 gpmlftz with a backpulse interval of 30
minutes.
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12. In all the test runs the filtrate flux was never lower than the River Protection Project
waste treatment plant design basis of 0.037 gprrdftz, and typically it was above three
times that value.

13. A backpulse filtrate volume of 0.036 gal/ftz with a filter overpressure of 30 psi was
found to be sufficient to knock the filter cake off the filter element. A backpulse
frequency of 30 minutes leads to a filtrate flux loss of 0.0012 gprn/ft2 rate, which is
only a few percent of the lowest steady-state filtrate flux measured of 0.05 gpm/ftz.

RECOMMENDATIONS

The following recommendations are for the nominal rated 0.1 micron Mott cross-flow
filter when used for an Envelope A slurry at a temperature of 25°C.

1.

2.

3.

4.

5.

Use a shmry axial velocity of at least 12 ftis. Lower velocities significantly reduce
filtrate flux.
Use a transmembrane pressure of 40 to 55 psid. Lower pressures significantly reduce
filtrate flux and higher pressures do not increase the filtrate 11.ucsignificantly.
Baclcpulse the filter twice to three times in a 24-hour period of continuous use to
maintain an average filtrate flux of 0.1 gpndftz and to minimize filter cleaning.
Baclcpulse the filter every 30 minutes during continuous use’to increase the average
filtrate fh.ix to 0.16 gp~ftz.’
Use a backpulse of 0.036 gaWtz to minimize the loss of filtrate flux.

.%
& . . ‘“ .“

.“
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APPENDIX A

EXI?ERIMENTAL DATA: WATER AND CLEANING

Atmendix “Contents
1. Nomenclaturesheet for data tables
2. Experimental data:
Fig. Run Solution Done on
Al 2.00, Water 5/14/99
A3 2.22bl Water 7/9/99
A3 2.22b2 Water 7/14/99 (added filtrate flowmeter, Q3)
A4 2.21b, 1 M NaOH Cleaning 7/6/99

General Note: For measurement uncertainties see Appendix F

Special Notes:
a.

b.

c.

d.

e..,.-.-...-:..

The data for every test run are highlighted with two graphs: Filtrate Flux vs. Time and
Permeability vs. Time. Those graphs include all the data taken during the run period.
The beginning and end of the data for most graphs show large deviations from the
overall series of points. Those deviations were caused by backpulsing the filter that
temporarily stopped the flow of filtrate.
All columns of data, in all the tables, are ended with several statistical values of that’
column, i.e., Average, Maximum, Median, Minimum, Standard Deviation, and
Number of Points used (in calculating the 5 statistical quantities.
To calculate those quzuitities mentioned in item c, only those data points that start
from the end of a backpulse to just before the ending backpulse were included. This
is the reason why the quantity of Number of Points Used was given.
The data for the graphs, and all the data taken for the-individual test run that the-:”:
graphs represent, immediately follow the specific figure.



Pilot scale X-flow: EnvA+ES Page 52 of 226

Nomenclature For Data Sheets

(See Figure 1: Main Test Rig - Pilot Scale Cross Flow for the instrument Location)

Cokunn

A.
B=
c=
D.
E=
F=
G=
H=
1=
J=
K=
L=
M=
N=
0=
P.
Q=
R=

BNF-O03-98-0221
Revision O

.

.

.

.

.

.

.

.

.

—

—

Full l+eadi~
DATE
TIME Tkke data entrywas made
SOLENOID ..* I.yss, O=no for the pressureto the backpulaepiston
FLTRT (@r C) T2 FiMateTemperattrre in Fifteratexitofthe FilterHo.sing
CL LOOP (deg C) T3 Temperature of Liquidin the CfeaningLoop

Temperature of Liquidin the SlurryLoopat the ReservoirTank
UP AMB (decIC) T4 $, ,AmbientTemperature at the top of the Test Rii - 3rd level

Ambmt Temperature at the bottomof the Test Rig -1st level
T6 (deg C) SPARE Spare Thermocouple- CurrentiyNot 6eing Used
SOT DP (@d) dP2 “
FLTR (pSifJ)PI

offerenf~l pre~ure betwm the FilterSlurryEntranceand the bottomFjltrate~t
Gau~ Pressure at the FitterSluny Entrance

FLTR DP (@d) dPl Dtierentii Pressure between the FilterSlurry Entranceand Ext
TOP DP (pS@) dP3 Dfierential Pressure betweenthe FilterSlurry Exii and the Top FiitrateExit

Gauge Pressure at the FilterFiltrateExit
PISTON (pS@) P3 Air Gauge Pressure Appliedto Beckpuf* Piston
SL FLOW @pm)Q1 .l~ FkIw Rate of the SfurryFlow

Flow Rate of the FiltrateFlow
.,Spare Channel Not Used

The following columns are calculated results based on the appropriate columns

s=

E:

Number Number Data numberwfkfr is equivalentto 1 ‘minutesince thii was the acquisitionfrequency
T= Vel, ft/s Vel, ft/s %2kAxialsky velec+ty. [ColumnP]/ 7.48 gaVfW/ 60 sec/min/ flowarea (=0.C05369 ft?)
u. MP,PSI = TMP,PSI TransmembrensPressure. (@fumn J]+ [ColumnM~/2
v. TMP,bar . TMP,bar [ColumnLfl/ 14.504barlpsi
w. GPM/H2 = GPMFT2 [ColumnQ]/ insidedmeter filtereurfam area (=229 f12””)
x. GPWFT2 = GPMif12 at 2S”C Teef Spec. somsctwn factoc [ColumnW] x exp(2500 x ((1/(273@Xrmn ~)-(1/296)))
Y. . PER— @n’na@+ [Column~/ [COfumnU]
z. x1000 PERMIABILfTYX lLNI [Column.Z1x 1000

AA. UN PErwwwLrm@k+ay&Ij [Column~ x cmnversimfactor (. 651.0145 m/day/bar / gprn/fWbar)

“Axiafsfunyflowarea is based on 7 poroustubes wfthan insidedmeter of 3/8 inch:7 x pi / 4” (0.375 inch/ 12 irrchesift~2= 0.005269 W
‘fnaida diameter fiftersurface area for7 tubaswithan “Nide dmeterof 3/8 inch,40-fnshea farg 7 x pi x (0.375 inch)x 40 Inches/ 144 fn%Yf@2. 229 ft2

Exce@onS
1. For Run2.21b (Cfeanii); Thii run was carriedoutover a three dtierent paioda on three days thereforeUrereare twoNUMBER COLUMNS S & T.
CofumnS is con6nueusand ColumnT is continuousbutstartsover for esch perid. AUthe cz.lurnns10fhe rightof ColumnS are ahiied byone.
2. For Run222b (Wafa~ Affer.fuly10,1999 a aesondtiffratsffcwmeterwasaddedtomeasure fkrwrates from 12 to 5 gpm. Tha finalwaferteat
~ (Run ~) fWISSISefim %te ff~ @S column. CokrmnR, sw spare cdunm, was made the new ffowre~.

R=-= Q3, FLTRFLOW(gpm)= Fiow Rats of the FiffrateFfow(above 1.2 gpm), Instalfedafter 7/1099

afso Run222b has two NUMBER cotumns(fike Run2.21b) eo Exceptff 1 afeo appfii.

- . ....,+
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BNFL Pilot-scale X-flow Filtration Test: Envelope A + ES
rest No. 2.00: Water, V = 12.2 II/s, TMP = 3.0 psi, T = 25”C]

[Data Taken on 14 May 1999]
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BNFL Pilot-scale X-flow Filtration Test Envelope A + ES
rest No. 2.00: Water, V = 12.2 II/s, TMP = 3.0 psi, T= 25”C]

[Data Taken on 1’4 May 19991
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Figure Al: Test Run 2.00, Deionized and Filtered (0.2 micron) Water
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BNFL Pilot-scale X-flow Filtration Test Envelope A + ES

rest No. 2.22bl: Water, V = 12.4 II/s, TMP = 2.9 psi, T= 25”C]
[Data Taken on 9 July 1999]
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E3NFLPilot-scale X-flow Filtration Test Envelope A + ES
rest No. 2.22bl: Water, V = 12.4 ilk, TMP = 2.9 psi, T= 25°C]

[Data Taken on 9 July 1999]
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Figure A2: Test Run 2.22bl, Deionized and Filtered (0.2 micron) Water
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BNFL Pilot-scale X-flow Filtration: Envelope A + ES

[Test No,2.22b2, Water at Temperature = 25”C]

[Data Taken on 14 July 1999]
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BNFL Pilot-scale X-flow Filtration: Envelope A + ES

rest No.2.22b2, Water at Temperature = 25°C]

~ [Data Taken on 14 July 1999]
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Figure A3: Test Run 2.22b, Deionized and Filtered (0.2 micron) Water
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BNFL Pilot-scale X-flow Filtration Test Envelope A + ES
rest No. 2.21b: Clean, V = 12.5 Ilk, TMP =3 & 11 psi, T=25”C]

[Data Taken on 6 July 1999]
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BNFL Pilot-scale X-flow Filtration Test Envelope A + ES
~est No. 2.21b: Clean, V= 12.5 ft/s, TMP = 3 & 11 psi, T= 25°C]

[Data Taken on 6 July 1999]
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Figure A4: Test Run :2.21b, 1 M NaOH Cleaning
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APPENDIX B

EXPERIMENTAL DATA: LOW SOLIDS CONCENTRATION

Appendix Contents
1. Nomenclaturesheet for data tabl~s
2. Experimental data:
Fig. Run Solution
B1 2.01 0.5 wt% Solids
B2 2.02 0.5 wt% Solids
B3 2.03 0.5 wt% Solids
B4 2.04 0.5 wt% Solids
B5 2.05 0.5 wt% Solids
B6 2.06 0.5 wt% Solids
B7 “2.07 0.5 wt% Solids
B8 2.08 0.5 wt% Solids
B9 2.09 0.5 wt% Solids
B1O 2.10 0.5.wt?loSolids
Bll 2.10b 0.5 wt% Solids
B12 2.1OC 0.5 wt% Solids
B13 2.11 0.5 Wt% solids
B14 2.12 0.5 wt?40 Solids
B15 2.13 0.5 wt% Solids
B16 2.07b 0.5 wt% Solids
B 17 2.07c 0.5 wt% Solids

Done on
5/17/99
5/18/99
5/18/99
5/18/99
5/19/99
5/19/99
5/19/99
5/19/99
5/20/99
5/20/99
5/24/99
5/24/99
5/24/99
5/25/99
5/25/99
5/26/99
5/27/99

General Note: For measurement uncertainties see Appendix F

Special Notes:
a. The data for every &st run are-highlighted with two graphs: Filtrate Flux vs. Time and

Permeability vs. Time. Those graphs include all the data taken during the run period.
b. The beginning and end of the data for most graphs show large deviations from the

overall series of points. Those deviations were caused by backpulsing the filter that
temporarily stopped the flow of filtrate.

c. All columns of data, in all the tables, are ended with several statistical values of that
column, i.e., Average, Maximum, Median, Minimum, Standard Deviation, and
Number of Points used (in calculating the 5 statistical quantities). Most of the data
with time were maintain constant, and therefore the statistics are meaningful for
normally distributed data, however Filtrate Flux and Permeabilityy decrease with time
and therefore are not normally distributed.

d. To calculate those quantities mentioned in item c, only those data points that start
from the end of a backpulse to just before the ending backpulse were included. This
is the reason why the quantity of Number of Points Used was given.

e. The data for the graphs, and all the data taken for the individual test run that the
graphs represent, immediately follow the specific figure.
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Run 2.03 only has about 35 minutes of data. The run was made for the full two hours
required, but the data acquisition system was accidentally stopped in the middle, and
was not noticed until the run was complete.
Run 2.10 was redone twice, Runs 2. 10b and 2. 10c, because the meaning of “best” run
by filtrate flux and permeability were also evaluated.
Run 2.07 was redone, Runs 2.07b and 2.07c, after Run 2.13 to investigate the filter—
operation over a longer period than just two hours. Run 2.07b was one continuous
run without interruption from a backpulse and Run 2.07c was done with varying
backpulse frequencies.

NomenclatureFor Data Sheets
(See Figure 1: Main Test Rig - Pilot SCsle Cross Flow for the Instrument Location)

A=
B=
c=
D=
E=
F=
G=
H=
1=
J=
K=
L=
M=
N=
o=
P=
Q=
il.

FullHeading
DATE
TIME
SOLENOID
FLTRT (deg C) T2
CL LOOP (&g C) T3

. SL LOOP (deg C) T1

. UP AMB (deg C) T4
t30T AM13(deg C) T5

. T6 (deg C) SPARE

. BOT fIP (paid)dP2

. FLTR (@Q) PI
— FLTR DP (fJSid)dPl

TOP DP (pS@) dP3
FLTRATE (psig)P2
PfSTON (Psig)P3
SL FLOW (gpm) Q1

* l.yes, O=no:for the pressureto the backputaepiston
‘-W-FWde Temperature !nFifterat exit of tha FilterHousing

Temperature of Liquidin the Cleaning Loop
Temperature of Liquidin the SturryLot@at the ReservoirTank
Amb@ Temperature at the topof the Teet l%!- 3rd Iaval

. -Junbmt Temperature at fhe bottainof the Teat Ffff-1 et Level

I

spare Thermocouple- CurrentlyNot BeingLfeed
O*rantial Preaairre between the FitterSluny Entranceand the bottomFiltrateExit

= “Gauge Pressureet the FiitarSkmy Enfmnoe
Dtierenfkd Pressure between the FilterSlurryEntranceand EXt
Dfierantial Pressure between the FifferSlurryExii and the Top Ftite Exii
Gauge Praeeure at ttrefitter F-e Exii
AfrGeuga Pressure*ri toBackpuke PNon
FfowRsteofthssfunyt%w

FLTR FLOW (gpm)Q2 Fbw Rate of the Fhfe Ffow
spare Channel Not Used

The foWMng columnsare selcu!atedwsuffsbaaed on the appropriatesotumne

s=

1
Number .Number Data numberWrii is equivalentto 1 minuteshce this was fha acquieiffonfrequency

T= Vel, . Vel, fvs Axial efurryvelocity. [ColumnP]/ 7.48 galKt2/ 60 eedmkr I flowarea (=0.005369 ff2’)
u= TMP, PSI = TMP, PSI Tranemembrane Pressure= uColumn.fJ+ [CofurnnMl)/2
v= TMP,bar . TMP,bar
w=

[ColumnU]/ 14.604 bar/w”
GPW-2 = GPWFT2

x=
[ColumnQ]/ “ha@ diietertifter eurfm arse (= 229 ft2-)

GPfA/H2 = GPWFT2 at 26°C
Y=

Taaf Spat. COKesfionfactor [Columnw x SXP(2500x ((1/(273+[Column n)-(1/298)))
. ~~ ~>

z.
[ColumnXl/ [CofumnfJl

x 1000 . PERMfAEILITYX lCOO
~=.

[ColumnZl x 1000
. _ Pa?m%e4uwfnwytwj [ColumnVI x carveraicmtactor( = 351.0145 rrr/day~ar / g@ff2ib@

'W=ld~*u*W w7~**m~*dmekrd Wti7x@/4"(03~ "ti/l2~~2=O.W*9@
-inside d-eter ffftarsurface area for7 tubaswithen insidedmater of 3/8 inch,40-ii fong 7 x pi x (0.375 instr)x 40 inches/ 144 irWYW2 = 229 ff2

~,
1. For Run 221b (Cteanff); This runwas caniad outwer a three differentperiodsoa Uuee days tierefore there ars two NUMBER COLUMNS S & T.
CofumnS is ramWwow and ColumnT is sonfinuouabutstartsover fweach pedod.Afiti sofumne@,fha rightof ColumnS ate ehffed5yone.
2. For Run2= @fafeti AfterJuly 10, 1SS9a eacmd filtrateflow meter was eddad to measure ffowrates from 1.2 to 5 gpm. The fine[water teat
run (Run 222b) has an extra fiftratefkwvrate cotumn.column R, the spare solumn,v@smade the new ffowrats.

I R= EmEi= Q3, FLTR FLOW (gpm)= Flow Rete of the FfftrateFiow(above 1.2 gpm), installedafter 7/1CY99

atsa Run2.22b has two NUMBER columns(like Run2.21b) so Exception1 also appfkks.
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BNFL Pilot-scale X-flow Filtration Test Envelope A + ES
rest No. 2.01: V = 6.5 l%, TMP = 32.7 psi, T = 25°C]

[Data Taken on 17 May 1999]
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BNFL Pilot-scale X-flow Filtration Tes~ Envelope A + ES
vest No. 2.01: V= 6.!3ft/s, TMP = 32.7 psi, T= 25”C]

[Data Taken on 17 May 1999]
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Figure B1: Test Run 2.01,0.5 wt% Insoluble Solids Concentration

. .



I

<-

Pilot scale X-flow:EnvA+ES Page 69 of 226 BNF-00~-98-0221
R.&Asixh o



Pilot scale X-flow:Env+ES ?age 70 of 226 BNF-O03-98-0221
Revision O



Pilot scale X-flow: EnvA+ES Page 71 of 226 BNF-O03-98-0221
Revision O

BNFL Pilot-scale X-flow Filtration Test Envelope A + ES
rest No. 2.02: V = 6.3 ftk, TMP = 44.2 psi, T = 25”C]

0.5 [Data Taken on 18 May 1999]
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BNFL Pilot-scale X-flow filtration Test Envelope A + ES
rest No. 2.02: V =6.3 f@, TMP = 44.2 psi, T= 25”C]

[Data Taken on 18 May 1999]
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Figure B2: Test Run 2.02,0.5 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test Envelope A + ES
rest No. 2.03: V =3.4 ft/s, TMP = 33.5 psi, T= 25”C]

[Data Taken on 18 May 1999]
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BNFL Pilot-scale X-flow Filtration Test Envelope A + ES
rest No. 2.03: V =3.4 ftk, TMP = 33.5 psi, T= 25°C]

[Data Taken on 18 May 1999]
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Figure B3: Test Run 2.03,0.5 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test: Envelope A + ES
rest No. 2.04: V = 6.6 ftls, TMP = 16.4 psi, T= 25°C]

0.6
[Data Taken on 18 May 1999]
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~est No. 2.04: V = 6.6 R/s, TMP = 16.4 psi, T=25”C]

; [Data Taken on 18 May 1999]
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Figure B4: Test Run 2.04,0.5 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test Envelope A + ES

vest No. 2.05: V =6.3 R/s, llvlP= 31.7 psi, T= 25”C]
[Data Taken on 19 May 1999]
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BNFL Pilot-scale X-flow Filtration Test Envelope A + ES
rest No. 2,05: V =6.3 ft/s, lTvlP = 31.7 psi, T = 25”C]

[Data Taken on 19 May 1999]
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Figure B5: Test Run 2.05,,0.5 W% Insoluble Solids Concentration



Pilot scale X-flow: EnvA+ES Page 81 of 226 BNF-003-98-0221
/ Revision O



Pilot scale X-flow: EnvA+ES Page82 of 226 BNF-003-98-0221
Revision O



Pilot scale X-flow: EnvA+ES Page 83 of 226 BNF-O03-98-0221
Revision O

BNFL Pilot-scale X-flow Filtration Test Envelope A + ES
west No. 2.06: V = 9.1 ft/s, TMP = 20.9 psi, T= 25”C]

[Data Taken on 19 May 1999]
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EiNFL Pilot-scale X-flow Filtration Test Envelope A + ES
rest No. 2.06: V = 9.1.fk, TMP = 20.9 psi, T = 25”C]
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Figure B6: Test Run 2.06,0.5 wt~o Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test Envelope A + ES
rest No. 2.07: V= 12.3 ftk, TMP = 41.6 psi, T = 25”C]

[Data Taken on 19 May 1999]
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[Data Taken on 19 May 1999]
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Figure B7: Test Run 2.07,0.5 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test Envelope A + ES
Test No. 2.08: V = 12.2 ftk, TMP = 56.9 psi, T= 25”C]

[Data Tak6n on 19 May 1999].
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Figure B8: Test Run 2.08,0.5 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test Envelope A + ES

rest No. 2.09: V = 12.3 ft/s, TMP = 70.0 psi, T= 25°C]
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[Data Taken on 20 May 1999]
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BNFL Pilot-soale X-flow Filtration Test Envelope A + ES
rest No. 2.09: V = 12.3 ft/s, TMP = 70.0 psi, T= 25”C]

[Data Taken on 20 May 1999]
._ 12 b
&

$
10 *

0

88
0.—: ,

g“ 0
0

:6
4 e

o
.2 3 0

#

ad

.
4f

=

m
“%. . ‘~

?2 =-%~ ~ ~ n a - - e - ~ ~ ~ -
G

0

‘o I

o 20 40 60 80 100 120 140 160 180 200

Time (minutes)

Figure B9:’Test Run 2.09,0.5 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test: Envelope A + ES
nest No. 2.10: V = 8.8 II/s, TMP = 71.5 psi, T = 25”C]

[Data Taken on 20 May 1999]
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rest No. 2.10: V =8.8 ftk, TMP = 71.5 psi, T= 25”C]

[Data Taken on 20 May 1999]
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Figure B 10: Test Run 2.10,0.5 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test Envelope A + ES

~est No. 2.10b: V = 12.4 ft/s, TMP =23.5 psi, T=25”C]
[Data Taken on 24 May 1999]
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BNFL Pilot-scale X-flow Filtration Test Envelope A + ES
rest No. 2.10b: V = 12.4 fth, TMP = 23.5 psi, T= 25°C]

[Data Taken on 24 May 1999]
-_ 16
<Q

,$

14 . 0 “ 0

12 ‘p “ e e ..... .
:10 e

?8 e *%
0

04

.; 6 - ~ - ,’>----= @+x- M ~ - * ~ +.: @
34 ,

.,.

g2 “ 0 0

‘o

0 0

0 20 40. 60 80 100 120 140 160 180 200

Time.(minutes)

Figure B 11: Test Run 2. 10b, 0.5 W% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test Envelope A + ES
~est No. 2.1OC: V = 12.0 ft/s, TfylP = 42.3 psi, T= 25”C]

[Data Taken on 24 May 1999]
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Figure B 12: Test RLW2. 10c, 0.5 wt% Insoluble Solids Concentration
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BNFL Pilot-soale X-flow Filtration Test Envelope A + ES
~est No. 2.1”1:V = 15.2 IVs, TMP = 39.9 psi, T = 25”C]

[Data Taken on24May 1999]
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Test No. 2.11: V = 15.2 ft/s, TMP = 39.9 psi, T=25”C]

[Data Taken on 24 May 1999]
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Figure B 13: Test Run 2.11,0.5 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test Envelope A + ES
rest No. 2.12: V = 12.0 ft/s, TMP = 55.6 psi, T =,25”C]

[Data Taken on 25 May 1999]
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west No. 2.12:V = 12.0 Ws, TMP = 55.6 psi, T= 25°C]

[Data Taken on 25 May 1999]
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Figure B 14: Test Run 2.12,0.5 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test Envelope A + ES
rest No. 2.13: V = 6.5 IVs, TMP = 30.0 psi, T = 25°C]

[Data Taken on 25 May 1999]
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rest No. 2.13: V= 6.5 fth, TMP = 30.0 psi, T= 25”C]

[Data Taken on 25 May 1999]
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Figure B15: Test Run 2.13,0.5 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test Envelope A + ES
Test No. 2.07b: V = 12.3 fth, TMP = 41.5 psi, T= 25°C]

[Data Taken on 26 May 1999]
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BNFL Pilot-soale X-flow Filtration Test Envelope A + ES
rest No. 2.07b: V = 12.3 Ws, TMP = 41.5 psi, T= 25”C]

[Data Taken on 26 May 1999]
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Figure B16: Test Run 2.07b, 0.5 wt% Insoluble Solids Concentration
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13NFL Pilot-scale X-flow Filtration Test Envelope A + ES
rest No. 2.07c: V = 12.3 fth, TMP = 41.7 psi, T = 25”C]

[Data Taken on 27 May 1999]
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rest No. 2.07c: V = 12.3 II/s, TMP = 41.7 psi, T= 25”C]

[Data Taken on 27 May 1999]
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Figure B 17a: Test Run 2.07c, 0.5 wt% Insoluble Solids Concentration (Entire Run)
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BNFL Pilot-scale X-flow Filtration Test

[Test No. 2.07c: V = 12.3 ftk, TMP = 41.7 psi, T= 25”C]

[Data Taken on 27 May 1999]
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Figure B 17b:TestRun 2.07c,0.5wt% InsolubleSolidsConcentration(30,15,&5 min.Backpulsing)
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APPENDIX C

EXPERIMENTAL DATA: HIGH SOLIDS CONCENTRATION

Appendix Contents
1. Nomenclaturesheet for data tables
2. Experimental data:
Fig. Run “ Solution Done on
cl 2.14 7 wt% Solids 6/1 1/99
C2 2.14b 8 wt% Solids 6/16/99 ,
C3 2.20b 5 to 16 wt% Solids 6/17/99

General Note: For measurement uncertainties see Appendix F

Special Notes:
a.

b.

c.

d.

e.

f.

?3.

The data for every test run are highlighted with two graphs: Filtrate Flux vs. Time and
Permeability vs. Time. Those graphs include all the data taken during the run period.
The beginning and end of the data for most graphs show large deviations from the
overall series of points. Those deviations were caused by backpulsing the filter that
temporarily stopped the flow of filtrate.
All columns of data, in all the tables, are ended with several statistical values of that
column, i.e., Average, Maximum, Median, Minimum, Standard Deviation, and
Number of Points used (in calculating the 5 statistical quantities). Most of the data
with time were maintain constant, and therefore the statistics are meaningful for
normally distributed data, however Filtrate Flux and Permeabilityy decrease with time
and therefore are not normally distributed.
To calculate those quantities mentioned in item c, only those data points that start
from the end of a backpulse to just before the ending backpulse were included. This
is the reason why the quantity of Number of Points Used was given.
The data for the graphs, and all the data taken-for the individual test run that the ‘
graphs represent, immediately follow the specific figure.
Run 2.14 was done after the test rig was cleaned due plugging when the solids
concentration was increased from 0.5 wt’%to between 10 and 15.wt%. In an attempt
to unplug the test rig in a hurry the slurry was diluted with water. Therefore, the
slurry for this run had a sodium concentration closer to 3 M instead of the target of
5.5 M. After the wash run another batch of slurry was made and a new run was done
and called 2. 14b.
Run 2.20b was not a steady-state run like 2.14 and 2. 14b,’where the filtrate returns to
the slurry to maintain its concentration. Run 2.20b was done to successively make
the slurry more concentrated until the filter plugged. That is why the Filtrate Flux
graph of Fig. C3 appears to have steps. Starting with approximately 80 liters of post-
washed slurry, approximately 7.3 liters of filtrate was removed 6 times and the
remaining 36 liters just barely covered the bottom of the slurry reservoir. The run had
to stop because the cooling coils were totally exposed and couldn’t cool the slurry
which became very hot and the pumps began to draw in air because the thick slurry
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couldn’t supply the suction line with slurry fast enough. Fortunate y, the filter did not
plug at all.

Nomenclature For Data Sheets

(See Figure 1: MainTest Rig - PilotSca!e CrossFlowfor the Instrument Location)

Column
A=
B=
c=
D=
E=
F=
G=
H.
1=
J=
K=
L=
M=
N=
o=
P=
Q=
R=

Heading Full Heading ~ . Explanation

B: .I

DATE DATE Day the test was done
TIME TIME - I Tme data enby was made
SOLENOID = SOLENOID 1=yas, O=no for he pressureto tfrebackpulsa pieton
FLTRT (de . FLTRT (deg C) T2 FiftrsteTemperature in Fitterat exit of the FilterHousing
CL LtX)P ( = CL LCOP (~ C) T3 . Temperature of Liiuid in the CleaningLoop
SL LOOP ( = SL LOOP (dag C) T1 Temperature of Liquidm the SlurryLoopat the ReservoirTank
UP AMB( = UP AMB (~ C) T4 ~ AmbientTemperature at the topCMthe Test Rig - 3rd level
BOT AMB ( = BOT AMB (degC) T5 Ambwt Temparsture at ffrabottomof We Teat Rig- 1st level
T6 (deg c) = T6 (ciq C) SPARE spare Thenrrosoupla- CurrentfyNot 8eiig Used
BOT DP (p = SOT DP (paid)d!%? Dtierantii Pressurebi?twaanthe FilterSlurryEntranceand the bottomFifrrateExit
FLTR (pS@) = FLTR (@J) PI Gauge Pressureat the FitterSlurryEntrance
FLTR DP = FLTR DP (paid)dPl Dfierentisl Pressure betweenthe FiiterSfurryEntranceand Exff
TOP DP (p = TOP DP (@J) dP3 DtierantielPreeaurebetweentheFilterSlurryExiiandtheTopFWateExti
FLTRATE( = FLTRATE(psig)P2 Gauge Pressursat the FilterFiftrate=t
PISTON (p = PISTON (pS@) p3 Air Geuge Pressure Appliedto 13ackpulsaPialon
SL FLOW ( = SL FLOW (gpm)Q1 How Rate of the ShJrryflow
FLTR FLO = FLTR FLOW (gPin)Q2 flow Rate of the Ftirate Flow
V9 apara CfrennelNot used

The folfowingc@umnsare caldated resultsbased I-Mtfreappmprfetecolumns

s=

E=

Number . Number Date numberwhii is ecjuivalentto1minutesincethii wastheacquisitionfraquency
T= Vel, Ws Vel, Ws ~sl siurryvabcity. [Columnm/7.46 gaVft2/ 64 eeo%rin/ffow area (=0.0%369 W?)
u= TMP, PSI = TMP, PSI Tmnemembrena Pressure= uColumn.fl + [ColumnM])/2
v= TMP, bar = TMP, bar
w=

[ColumnU]/ 14.604 bsr/psi
GPW~2 = GPWFT2 [CofunrnQ] / kr~ dmeter filteraurfeca ares (= 229 ft2’*)

x= GP$.UFT2 = GPWF72 at 25°C Test Spec. correctionfactor [CofumnWl x exp(2EG0x ((1/(27~Column ~)-(1/296)))
Y= . ~~ (CofumnXl / [ColumnU]
z= x 1000 . PERMIASILITY X lCOO [CotumnZl x 1000

AA= . PEm&uwm(llwapw) [CoknmrVl x aswerskm factor( = 651.0145 rrr/de@ar / gpn@3ber)

`titi*ti-k Wm7pwti&*m M~&rtiNti.7 x@14"(0375 titill2htiP2=O.~W
“Inside datneterfiftarsurfaceareafor7 tubeswithen insii diemeterrrf 3/8 M, “4@mchea~7xpix(0.S75 irrch)x40kwfresl l44irV#ftW.229ft2

ExceprkJns
1. For Run2.21b (Clesrrii); Ttrii runwas carriedoutover a three dfierent periadeon three days tierefore tf?ereare twoNUMBER COLUMNS S & T.
CotumnS is continuousand ColumnT is corrtkwrouebut startsover for easfrperkxl. Ml the columnstothe rightofr%hrrnnS are efriied by one.
2. For Run2.22b (Water); AftarJuiy 10,1999 a.eeca’idfilltite ffowmeter was addadto measurs flowretes from 12to 6gpm. Tha fmelweterteet
~(Run2%)kMeMmfiti*ti@*mn. Co&inn R. fheepars cdunrn, waernade fhanewfiowrate

R=-=” OS, FLTRFLOW@pm)= F@y,$@eoftheFiltrateFlow(above12 gpm),Installedafter7/lW99
5

alsoRun222b hash NUMBERcolumns(likeRun2.21b)soExceptii 1afsoeppfk?e.

.,
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BNFL Pilot-scale X-flow Filtration Test Envelope A + ES
rest No. 2.14: V = 12.1 fth, TMP = 43.5 psi, T= 25”C]

[Data Taken on 11 June 1999]
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BNFL Pilot-soale X-flow Filtration Test Envelope A + ES
Test No. 2.14: V= 12.1 ft/s, TMP = 43.5 psi, T= 25°C]

(Data Taken on 11 June 1999]
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Figure Cl: Test Run 2.14,7 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test Envelope A + ES
~est No. 2.14b: V = 12.5 fth, TMP = 41.3 psi, T = 25”C]

[Data Taken on 16 June 1999]
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~est No. 2.14b: V = 12.5 ftls, TMP = 41.3 psi, T= 25°C]

[Data Taken on 16 June 1999]
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Figure C2: Test Run 2. 14b, 8 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test Envelope A + ES
rest No. 2.20b: V = 10.7 fth, TMP = 44.4 psi, T= 25”C]

[Data Taken on 17 June 1999]
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[Data Takenon 17 June 1999]
-_ 14 e I
& a
g 12 *

, .l& j () a 1 . ..
‘La” ?’ ‘0. 6,00

~8 *O -e
e

*OOoo
0

,Oooe,
0- + e

26
0

**’ ‘eeeo, ,*

~
4t

*“
...

.—

24 0 0
E2 0 00’‘ e

‘o 0
‘,

o 10 20 30 40 50 60 70

Time (minutes)

Figure C3: Test Run 2.20b, 5 wt% to 16 wt% Insoluble Solids Concentration
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APPENDIX D

EXPERIMENTAL DATA: SLURRY WASH

Appendix Contents
1. Nomenclaturesheet for data tables
2. Experimental data:
Fig. Run Solution Done on
D1 2.15 First Wash 1 6/1 1/99
D2 2.16 First Wash 2 6/14/99
D3 2.18 First Wash 3 6/14/99
D4 2.19 First Wash 4 6/14/99
D5 2.15b Second Wash 1 6/16/99
D6 2.16b Second Wash 2 6/16/99
D7 2.17b Second Wash 3 6/16/99
D8 2.18b Second Wash 4 6/16/99
D9 2.19b Second Wash 5 6/26/99

General Note: For measurement uncertainties see Appendix F

Special Notes:
a.

b.

c.

d.

e.

f.

g.

h.

Run 2.17 was not done because run 2.14 began with a dilute slurry that was taken as a
first wash run.
The data for every test run are highlighted with the top two graphs in each figure:
Filtrate Flux vs. Time and Permeability vs. Time. Those graphs include all the data
taken during the run period.
The bottom graph of each figure is a subset of the Filtrate Flux vs. Time data during
the period that the filtrate was being removed to prepare for another charge of water.
The beginning and end of the data for most graphs show large deviations from the
overall series of points. Those deviations were caused by tii%l@ulsing tlie”fillkr that
temporarilyy stopp”kxlthe flow of filtrate.
All columns of data, in all the tables, are ended with several statistical values of that
column, i.e., Average, Maximum, Median, Minimum, Standard Deviation, and
Number of Points used (in calculating the 5 statistical quantities). Most of the data
with time were maintain constant, and therefore the statistics are meaningful for
normally distributed data, however Filtrate Flux and Perrneabilit y decrease with time
and therefore are not normally distributed.
To calculate those quantities mentioned in item e, only those data points that start
from the end of a backpulse to just before the ending backpulse were included. This
is the reason why the quantity of Number of Points Used was given.
The data for the graphs, and all the data taken for the individual test run that the
graphs represent, immediately follow the specific figure.
As second set of statistical values is given for the time period just during when filtrate
was removed from the test rig. This is shown as the bottom graph of all the figures as
explained in item

-- /
-—
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i. Note, the flowmeter for the filtrate flux, Q2, could only measure up to 0.533 gprn/ft2.
Any data above that value is meaningless.

Nomenclature For Data Sheets
(See Figure 1: Main Test Rig - Pilot Scale Cross Flow for the instrument Locatiin)

A=
B=
c=
0=
E=
F=
G=
H=
1=
J=
K=
L=
M=
N=
o=
P=
Q=
R=

v=
Iw= 1

. .

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Full Heading
DATE
TIME
SOLENOID
FLTRT (r@ C) T2
CL LOOP (c@ C) T3
SL LOOP (deg C) T1
UPAMB(dsgC)T4
SOTAMB(degC) T5
T6 (dagC) SPARE
BOTDP (@d) dP2
FLTR (pS@)P1
FLTR DP (@d) dPl
TOP DP (paii) dP3
FLTRATE (psig)P2
PISTON (pS@)P3
SL FLOW (aDm)Q1

:Day the test was done

~~ l.~s, O=no far the pressureto the bad(pulse piston
? FikrateTemperatureinFiiterat exitoftheFiiterHousing

TemperatureofLiqukth theClaanii Loop
e SlurryLcwpat the Reservoir Tank

Ambient Temperature at the top of the Test Rii - 3rrt level

Ambent Temperature at the bottom of the Test Rig - 1s1level

Spare Thermwauple - Currently Not E+@ Uead

Dtiererrfiil Pressure between ~ FifferSlurry Entrance and the bottomFiltrateExii
Gauge Pressure at the FilterSlurryEntrance

“~Dfierential Pressure betweenthe FilterSlurry Entrance and ~t
Dtierential Pressurebetweeniha FWr Slurry 13diand the Top FiltrateEW
Gauge Pressureet the FilterFiltrateExii
A-rGauge PressureAppliid to 2ackpulse Piston
Flaw Reteoftha SturrvFbw

FLTRFLOW(gpm)Q2 = FlawRetqotthef%ra~eFlow

ThefollowingcolumnsarecalculatedresutfabaaedWItheappropriatesolumns

m . Number Data numberwfrii is equivalentto 1 minufes“hcethiswas the acquisitionfrequency
T=

R
Vel, ftls . V@, ftia Axial slunyvafocity= [ColumnP]/ 7.4S gaVft2/ 60 aecrrnin/ ffowarea (=0.GQ5369ft2’)

u= P, Psi = TMP, Psl TranamambranePressure=([Column~ + [CotumnMJ)/2
IMP, bar = TMP,bar [ColumnUl/ 14.504frer/pei
GPfwFr2 . GPMI172 [ColumnQ]/ inaii dmeterfifter surfacearea(=2.29 ft2”)

x= GPMfFT2at25°C Tea4Spat. correctionfactor[ColumnWj x a@?500 x ((1/(273+[CalumrrTl))-(1/298)))
Y. ~~ ~) [Column~/ [ColumnU]

m . PERMIA61LITY X 1CS30 [ColumnZl x 100f)
. PaRMMmm(m@a@@ [Columnw x conversionfactor( =651.0145 nrkfeyrber / g@ft2rb@

F

IiiizEEz.x —
AA=

1. ~ Run221b (Ueaning~ Thii runwee carried outover a three diierent patiodson three days thereforetherearetwoNUMBERCOLUMNSS &T.
CatunmSieccawuwa *-n TS~w M~wwtiti@~. Mti@umw@W@Md Cdmn Sam* byw.
2. F~M=~~, *JuVIO, t~a~fititimW ~ti@m~mtimt~fim l2m5~. Theftnefweterteat
run(Rrar222b) hasanextratiftreteffaw rate solumn. CotumnR, the apare salumn,was made the new flow rate c;., , ,-. .

R=-= Q3, FLTR FLOW (gpm)m Fbw Rate of fha Ftite Ffow(above 12 gpm), Installedafter 7/tCV99

a!so Run222b has two NUMBER cofumns(like Run2.21b) so Errceptkrn1 also appliis.

-- /,
—
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BNFL Pilot-scale X-flow Filtration Test Envelope A + ES
vest No. 2.15: A, V = 12.4 ftk, TMP = 34.5 psi, T = 25”C]

[Data Taken on 11 June 1999]
0.6 •~a~

$

0.5
❑ u

❑un ❑
c~ ruuuiic 10 L Unnn ~ I

g 0.4 -— — — — - — — — ~ 1

.;’ 0.3

~ 0.2
&
ii 0.1

0.0 n~ — —

o 10 20 30 40 50

Time (minutes)

BNFL Pilot-scale X-flowFiltrationTest Ernelope A + ES
nest No. 2.15 V = 12.4 tis, TMP = 34.5 psi, T= 25°C]

{Data Taken on 11 June 1999]

20 1
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.
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e 0 . . . 0.s.

;8
~6
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Time (minutes)

Test Run 2.15: Dewatering Period Only Envelope A + ES
JV.= 12.4 fth, TMP = 34.5 psi, T= 25”C] - =-----: .

[Average Dewatering Filtrate Flux 0.438 GPM/FT2]
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n.
R 0.52
5
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Figure D1: Test Run 2.15, First Wash 1 ,
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0.6

$0.5

. & 0.4

0.0

BNFL Pilot-scale X-flowFiltmtionTest: EnvAope A +ES
[Test No. 2.16 V = 11.9 Ws, TMP = 59.7 psi, T= 25”C]

[Data Taken on 14 June 1999]

o 10 20 30 40 50 60

Time (minutes)

14

o

BNFL Pilot-scale X-flowFiltrationTest: Enwlope A + ES
vest No. 2.16: V = 11.9 ftk, TMP = 59.7 psi, T= 25°C]

[Data Taken on 14 June 1!399]
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Test Run 2.16 DQ~~t@ng Peflott @Jc Envelope A + ES

~= 11.9 ft/s,TMP= 59.7psi,T = 25”C]
[AverageDewaterihgFiltrateFlux 0.411 GPWFT2]
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Figure D2: Test Run 2.16, First Wash 2
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Pilot Scale X-Flow Filtration Test: Env. A, Run 2.16
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0.6

f
0.5

. gj 0.4

2- 0.3
L

0.0

BNFL Pilot-scale X-flow Filtration Test Envelope A + ES
rest Fb. 2.18: V = 8.5 ft/s, TMP = 41.9 psi, T = 25”C]

[Data Taken on 14 June 1999]
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BNFL Pilot-scale X-flw FiltrationTest: EnvslopeA + ES
vest No. 2.18 V = 8.5 ft/s, TMP = 41.9 psi, T= 25”C]

[Data Taken on 14 June 1989]
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Test Run2.18: Dewatq’i@”%iod Only EnvelopeA + ES
~= 8.5 ftls,TMP = 41.9 psi, T= 25”C]

[Average DewatertngFiltrateFlux 0.391 GPWFT2]
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Figure D3: Test Run “2.18,First Wash 3
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BNFL Pilot-scale X-flow bltration Test: Envelope A + ES
[Test No. 2.19: V= 15.2 ft/s, TMP = 36.6 psi, T = 25”C]

0.6 --—----–-––
[Data Taken on 14 June 1999]
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BNFLPilot-scaleX-flowFiltrationTest EnvelopeA + ES
~est No. 2.19 V = 15.2 Ws, TMP = 36.6 psi, T= 25”C]

[Data Taken on 14 June 1999]
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Test Run 2.19: Dewaterihg Period Only Envelope A + ES
N= 15.2 fth, TMP = 36.6 psi, T= 25°C]

[Average Dewatering Fiftrate Flux 0.471 GPWFT2]
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Figure D4: Test Run 2.19, First Wash 4
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BNFL Pilot-scale X-flow Filtration Test Envelope A + ES

[Test No. 2.15b: V = 12.1 ft/s, TMP = 42.8 psi, T = 25”C]
[Dafe Taken on 16 June 1999]
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BNFL Pilot-tale X-flowFiltrationTest: Enwlope A + ES
nest No. 2.151x V = 12.1 ft/s, TMP = 42.8 psi, T= .%°C]

[Data Taken on 16 June 1999]
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Test Run2.15tr: Dewatering Period Or&Env. A + ES
~= 12.1 fUs,TMP = 42.8”p5i,~=25°C]

[Average Dewatenng Filtrate Fhac 0.373 GPNVFT2]
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Figure D5: Test Run 2.15b, Second Wash 1
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L
0.0

BNFLPilot-scaleX-flowFiltrationTesk EnvelopeA + ES
rest No.2.16b: V = 9.1 fth, TMP = 36.9 psi, T = 25”C]

[Data Taken on 16 June 1999]
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BNFL Pilot-scale X-flowFiltrationTest EnvelopeA + ES
vest No. 2.16b V = 9.1 ft/s, TMP = 39.6 psi, T = 25”C]

[O@a Taken on 16 June 1999]
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Test Run 2.16b: DewateringPeriod Only Erw.A + ES
(V= 9.1 ft/s;TMP = 39.6 psi,T= 25”C]

[Average Dewateringfiltrate flux 0.385 GPWFT’2]
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Figure D6: Test Run 2.16b, Second Wash 2
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BNFLPilot-scaleX-flow Filtration Test EnvelopeA + ES
[Test M. 2.17b: V = 14.4 ft/s, TMP = 36.4 psi, T = 25”C]

[Data Taken on 16 June 1999]
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BNFL Pilot-scale X-flowFiltrationTest En@ops A +ES
~est No. 2.17b: V = 14.4 ft/s, lWtP = 36.4 psi,T = 25”C]

[Data Taken orI 16 June 1999]
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Test Run 2.1 7b: Dewatering Period Only Env. A + ES
- -~= 14.4 f@mP = s6.4 psi, T= 25%]

[Average Dewatenng Filtrate Flux 0.426 GPMFT2]
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Figure D7: Test Run 2. 17b, Seeond Wash 3
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I
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“s 0.3
L

BNFL Pilot-scale X-flow Filtration Test: Envelope A + ES

[Test ~. 2.18b: V = 13.8 ft/s, TMP = 42.8 psi, T = 25”C]
[Data Taken on 16 June 1999]
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[Test No. 2.16b,Env, A V = 13.8 ftk, l%tP = 42.8 psi, T = 25”C]

[Data Taken on 16 June 1999]
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Figure D8: Test Run 2.18b, Seeond Wash 4
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BNFLPilot-scaleX-flowFiltrationTest EnvelopeA + ES
rest No.2.19b: V = 10.9 ff/s, TMP = 69.8 psi, T = 25”C]

[Data Taken on 16 June 1999]
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BNFL Pilot-scale X-flowFiltratii Test Enwlow A + ES
~est No. 2.1* V = 10.9 ft/s, TMP = 69.6 psi, T= 25”C]
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Test Run 2.19b DewateringPeriod Only Env.A + ES
~= 10.9 ft/s,TMP = 69.8 psi, T= 25”C]

[AverageDewateringFiltrateFlux 0.405 GPtvUFT2]
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Figure D9: Test Run 2. 19b, Wash 5
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Appendix Contents
1. Eleven pages of Table El contain all of the analytical data.
2. Slurry Rheology: Fig. El, Run 2.13; Fig. E2, Run 2. 14b, Fig. E3, Run 2.20b
2. Graphs of selected chemical element concentrations throughout the test by molarity

Figures E4-E17 are Al, Ca, Cl, Cr, F, Fe, K, Mn, Mo, Na, Ni, P, Pb, and Si
3. Graphs of selected chemical compounds concentration throughout the test by molarity.

Figures E18-E20 are: Oxalate, Phosphate, and Sulfate
4. Graphs and tabular data on the particle distributions throughout the test

Figure E21 is: particle distribution from a real waste sample
Figures E22A, E22B, to E29A, and E29B are for test runs: Pre-test, 2.01,2.13,
2.14,2.16, 2.14b, 2.16b, 2.

Special Notes:
a. There are no measurement uncertainties listed because the measurement uncertainties

b.

c.

for analytical data are beyond the scope and control of this task. There is reason to
believe that all analytical data can beat least 15% accurate but no quantitative data
are given to this effect. Density and filtrate viscosity are the only slurry property data
that were obtained at the test rig location and the uncertainty of those data can be
stated iis:
Density: < 0.5% of reading by calibration
Viscosity: 0.34 wt% of reading by manufacturer’s statement.
Only three figure, El, E2, E3 are given for the slurry rheology because the rheology
was similar for all samples. The slurry basically act as a Newtonian fluid but at the
highest solids loading themds a small amount of yield stress which drops off very m

.,._,..,.-,

rapidly after the slurry is put into motion.
Each particle analysis was done by a Volume and a Number distribution, thus there
are two figures for each, e.g., 19A and 19B.)
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I A I B I c D E F
[TEST RUN -----.--,-----. --------------. -->1 Most Recent Entrv Date 2.00 2.0a

FL Sample ID ----------–----------->j FebNary&/2000 Pre-Test Sample BNF-SXF2C55-A+ES_O 1a BNF-SXF2055-A+ES_Ol b
S Sample ID ------------------------>> 3-126767 3-127887 3-127866
m sample----–------------------->> slurry slurryloop slurryloop4 TW

5 sample size --------------->j ml- I I 125 I 15 15
6 Measurement(~) Ma~ .—>> W--T— __T—-
7 Item Measured
8 Oenail rharmel Fluids Lab 1.20 water before test 2.00 water after teat 2.00

ker 15650 -s3.6 4.6
ink Penrwbaker 15.7 4.3 4.3

@mL [ Frank Pennebaker 4.5 43.1 4.1
Frank Pennebaker 39.1 ccr.4 4.4

. .
w glmL I T

9 Al ug/mL \ Frank Perrnebak
10 B ug/mL 1

Fr o.-

11 t3a u!
12 Ca ug/mL } F
13 Cd uglmL I Frank Penrwbaker 4.5 ! 4.1 ! <0.1

14 c1 u{
15 Cl Sample u{
16 co ug/mL I . Frank Pennebak.

Sr U(” -

l@mL I Robert Ray/Joyce Cartiedge I 3766 1 WA I NIA
tglmL Robert Ray&walr Brown NJA 342.47 NJA

cer .3.5 4.1 4.1
gmL } Frank Pennebsker 329 4.1 all

I@ mL I Frank Pennebaker 4.5 4.1 4.1
19 IF (Fluoride) -(only rough rdg) I ug/mL I Robert Ray/Joyce Cartledge 40 WA NIA

Iaylsa rah Brown NIA <1 WA
ig/mL I Frank Pennebaker 25.1 42 4.2
@/mL 1 Robert Ray/Joyce Carfledge 1447 NIA WA

20 IF Sample I@ mL I Robert R
91 tFn In-., .-
22 IHCOO (Formats) u<
23 IK ug/mL I Sarah Brown
24 ILs !@ mLl Frank Pennebaker

I NIA I 0.916 I N/A
N/A 4.26 -4).26 I

Ni ug/mL I F
2 (Nii) ug/mL I Rcbert Ray/Jows G
3 (N*) u’”–”–”’-
)4 (OrraFate) u

,P I@ mL I F
Po4 (Phoephate) ug/mL I Robari
Ph I I*

Iprl 1* IL FrI
-- .- -. .

IA

Zr I u
rotal Organic Carbon uglmL I R

Mamic Vi’@ I CP I Cakulated
Pnm,n.”+

Table El: Analytical – All data, Pagel
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G I H I I J K L
1 TEST RUN ------------------------>1 2.01 2.01 2.01 2.01
2 BNFL Sample 10 --------------------->j Unplanned Semple BNF-SXF2055-A+ES.02 13NF-SXF2055-A+ ES.03 No Sample Kept
3 ADS Sample ID -~-----------–---—>> TNX Sample~o Number 3-127890 3-127891 No Sample Number
4 Tw SamPla —------—-—-—------x slurry SJuriy slurry filtfate
5 Sample Size ----—------>>1 mL 130 50 15 l@3mUreturnedto mixture

DENSITY ONLY
7 Item Meaeured Unita
8 Density glmL I 1.240 I 1.232 I 1.232 I 1.231
9 Al u@mL I WA NIA NIA WA
10 B u@mL I WA I N/A I NIA i WA
11 Ba uglmL WA I WA I N/A I N/A
12 Ca uglmL WA NIA NtA NIA
13 cd uf#mL WA I WA WA I WA 1

,.

Table El: Analytical – All data, Page2
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.

\ 3 IADS sample 10 —-------—-—--~ 3-127669 \— .

M I N o P Q R
1 TEST RUN —-----------------------—--- 2.01 2.13 . 2.13 2.13
2 8NFL Sample 10 -----------—-----; BNF-SXF2055-A+ES_04 BNF-SXF2055-A+ES_02b BNF-SXF2055-A+ES_03b Unplanned Sample

3-128290 3-128291 TNX SamplwNo Number
4 Type SsrnfMe.--. —.. . .. —---------- tttrste I slurry slurry slurry
5 Sample Size _— .. ...- > mL 15 50 15 150
6 Me_. -._..._...,-, ..- ROTRAC TSISS TS/.SS/VlSCOSiTY/DENSlTY
7 ItemMeasured its
8 Dew” g/mL I

7200 NfA NIA WA

?asurementlsl Made -——> ~SS?W.EWAMl.T--UUCUSl MIC

I Uni
Ky 9

9 Al UglmL 17

10 B ug/mL 25 NIA NIA NIA
11 m ug/mL <0.1 N/A N/A WA
12 Ca uglmL 0.5 WA N/A NIA
13 Cd ug/mL 4.1

3644
WA NIA NIA

14 a uglmL N/A WA NIA
15 Cl Sample t@mL 5166.57 NIA N/A NIA
16 Co ug./mL CU,l WA WA WA
17 Cr ug/mL 4.1 N/A N/A N/A

I ug/mL CO.1 N/A WA
206

NiA
F (Fkmride)-(onlyroughrdgj ug/mL NfA WA N/A

‘@a IU”
w

K Iu

—G FSan g/mL 219 WA N/A I N/A
21 Fe I@ mL 2.7 WA WA WA
22 Hcoo (Frxmate) u@rnL 1529 NIA NIA WA
23 I tg/mL 3460.6255 N/A NIA WA
24 La I@ mL 4.28 N/A N/A NIA
25 u ug/mL <1.2 N/A N/A NIA
26 Mg @mL 4.1 NIA WA WA
277Mn
26 Mo ~mL 35 NIA NIA WA
29 Na ug/mL : 112000 N/A NIA NIA

,30 Ni ug/mL 4.15 WA NIA
31 N02 (Nikita)

N/A
ug/mL 47422 WA N/A N/A

32 No3 (Nitrate) ug/mL 67777 WA WA NIA
33 e204 (Oxalate).@mL 452 WA NIA NIA
34 P I* L 65 N/A t-UA N(A

,35 P@ (Phosphate) u@mL 1s5 NIA WA NIA
36 t%
37 s
2s Sn
32 so
40 Sr

I ug/mL I <1 I N/A N/A WA
u@nL 93 WA tWA NIA

I ug/mL cO.6
304

N(A WA NIA
)4 (Sulfate) ug/mL WA N/A WA

ug/mL 4.1 t-UA NIA WA
-R. ug/mL 4.1 WA WA W.z?:,,, , ~
v Ill” I

~. _.

WA
I M1A

41 1
* 1 Q/mL 4.1 tWA NiA
43 Zn @mL 5.6 WA NIA
44 zr ug/mL 4.3 N/A

w
NIA

45 TotslOrganicCarbon
,“n

1553 N/A
46 TotalI

NIA WA
nicCarbon 493.5

:m ,W-:WA $L GA . ‘:
WA N/A

47 s 4003 0.2875 0.63
28.50 ---20.95

4s Uean Pattide Size by Volurr micron WA 2.32 NfA ‘- NIA
50 MeanParlide Size by Numt mioron N/A 1.03 N/A WA
51 Kinematk WSCOaity Ost N/A NIA WA 2.4
52 OynamicViisity CP WA NIA N/A 3.0
S3 Comment HAAKEL3PINNINGCONE

Table El: Analytical – All data, Page 3



Pilot scale X-flow: EnvA+ES Page 70 of 226 BNF-O03-98-0221
Revision O

I 1 s I T I u I v I w I x
;T RUN ----------------—--------> 2.13 2.14 2.14 2.14 II ITES

2 @NFL Sample ID ---—------~---------->~ BNF-SXF2C65-A+ES_04b No Sample Kept 6NF-SXF2055-A+ESJ35 BNF-sxF2055-A+Es_06

3 ADS Sample ID ------------------->4 3-128292 No Sample Number 3-129261 TNX Sample/No Number

4 Type Sample ---=------—-------—-->: filtrate
5 Sample siie-—---.----.>>l mL

filtrate slurry slurry
15 KXJmlfretumed to mixturf 50 150

6 Measurement(s) Made --------—->> s==P-@wTm— DENSITY ONLY MICROTRAC/lC-ANIONS TS/SS/VISCOSINiOENSITY
7 Item Measured~~ .. ~
8 Density @mL I WA I 1.144 I 1.202 1.186

9 Al uglmL I 17700 NtA WA WA
10 B uglmL I 28 I NIA I NIA N/A

26 Mg Id ml
27 Mn
28 h
29 Na $/ML

m Ni I@m L[ cO.6
31 No2 (N*) ug/mL I 5?524 .“. .
32 ~ln.a ml**.\

---
1 ..”hl mm ma

I WA I WA I WA
MA ?.n.?nF WA I

81 I N/A I 3

- ...- --- .
351P(M@lloaphate) IUf#mL I 161 I WA I 234 ! tilA I

.- ,! .,. -.=, I q,,,k I , G.” . ..?3 I WA
2204 (Oxalate) @mL I 469 I WA I 10676 N/A
P I ,tnlml I 7s0 WA WA ! WA I
Pb Iu!iimL I & I WA I NIA I WA I36 F

37 Si Uglmi- I 89 I NIA I NiA I WA
38 Sn ughnL I 12 tWA WA NfA
38 So4 (sulfate) t&#mL I 917 I WA I 707 I N/A
An c. , -/n’11 tWA

-.. .-. . —-
- ,“. , -. .,- 1 4.5 I WA I WA I .-. .
41 lTi ugfmL I 4.5 WA N/A WA I

,- --- . . . .-. .
, -..JL 4.5 I WA I WA

tatOrgsmkCarboo

.-. .-. .. ..

IsssllmL 2284 WA WA I WA
. 0.89 I N/A I NiA WA

Mrlrm WA NIA I 6.67

42 v Ild mL I <12 I WA I WA I N/A
43 Zn @ml AR NIA NIA tWA

. & ~ 1 ,1,-ilrnl I NIA . .

“%5Tot
46 Total bmrganic carbon Iudm L
47 Sua#wKJedSolii ------ .-. .
48 Total solids

.-. .

1-1 N/A I N/A I N/A 25.81

49 Mean Par60 i3/4.691223 WA

50 Mean Particle Sim by Numbei micrcmI WA ] - N/A-- I 102 WA
51 K&...* v—k ,%* 21

62 Owl
53 Cornmen?

% Si by Volumel micron I P-VA I WA I 1.(
. .-. . .-. . ----

.,--- . .“.,W.”., n -. I WA I WA I NIA -.
namic Viii& CP NIA WA WA I 2.5

It 1 I I lTrimodai pa!tiil ddbutiin] HAAKWSPINNING CONE

Table El: Analytical – All data, Page 4
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Pilot scale X-flow: EnvA+ES Page 171 of 226 BNF-O03-98-0221
Revision O

t , ., I 1 . . , .- , .- .- $

1-6[B- ug/mL
. . .

NIA I N(A I

1.261 1;
WA 16.-.
WA <1.3

11 se ug/mL WA 4.2 6 N/A
12. Ca ug/mL NIA 1420 1513 WA
13 cd ug/mL WA #.2 4.1 WA
14 c1 ugfmL N/A 3866 3ss7 WA
15 Cl Sample ug/mL WA WA tVA
16 co ug/mL NIA .33.5 <13 WA
17 Cr ug/mL WA 3100 4411 fVA
ifl CI1 amtmL N/A 2.3 <13 WA

‘mL WA 187 N/A fVA
‘ Samp!e I@ mL WA WA NIA WA

‘mL WA 406 1606 WA
!-, ?.,,A 1461 WA

h
WA

WA WA WA

26 ~
27 Mn

~ MO ‘h
29 Na
30 Ni tqln
31 No2 (N#rita) ugln
32 No3 (Ntirate) ugln
33 C204 (Oxalate) ug/n
34 F
35 Po4 (Phosphate)
36 Pb I@ n
37 s ugln,.
36 Sn ‘mL
39 S04 (Sulfatel

I IIJ!iv1
) u@mL[ I

I 40 lSr Iw mLl I

. . . . .-. .
A

. . . .
<1.4 <15.1 N/A

1251Li I@ mL WA <7 45.1 WA

? ug/mL fVA 16 Q2.52 WA
% i MO/mL N/A 265 286 WA
3 I@ mL fVA 37 43 fVA
1 I ug/mL WA 120000 119178 N/A

nL WA 73
45!?50

455 WA
nL N/A N/A NfA
nL WA 61214 WA NJA
nL WA 10698 ‘ WA WA

P I Ughnf- fVA 151 <1702 NIA
I ug/mL NIA 299 WA N/A

nL NIA -25 <151 WA
-, t w, 665 4-”=’ k,tA

L I 4 .
266

,Wr!
WA
WA I

I@ r
144@r u@mLl I

Et
.- 1 ,Vrl
-35.1 WA
WA I WA

WA 3.1 Q.51 WA
41 Ii-i I@ mLl NIA 1 6.1 N/A
42 IV ug/mLl fVA <1.2 Q2.53

* ‘mL1 WA 1.5 42.57 . . “u,,
WA 4.15 fVA WA
WA I N...

A fVA
A 1 t317 I

VA ! WA NIA.
WA fWA

-.. WA 8.23
362 WA 34.46
NIA WA WA
N/A WA - WA

hematic Vii”~ I cSt I WA I NIA I WA I -2.4
52 Ju Yrramic viscosity CP NIA fWA WA 3.1
53 lcQmm3ni I I lAcicfDiluentaffected soIids] Soliislnfo for Comparison I HAAKWSPINNING CONE

Table El: Analytical – All data, Page 5



BNF-O03-98-0221
Revision O

AE I AF I AG AH Al AJ
1 TEST RUN -—--+------—---—-+ 2.14b 2.15 2.15b 2.16
2 BNFL Sample ID ----------—--—---->: No Sample Kept BNF-SXF2055-A+ES_07 BNF-SXF2055-A+ES_07b BNF-SXF2055-A+ES_06
3 ADS Sample ID ---—-–---—--—->> No Sample Number 3-129264 3-129117 3-129262

.4 Type Sample --—--–-------–--—-->; filtrate filtrate filtrate slurry
, . . . ...–keturnedto mirrture

6 Measurement(s)Made—-~—
7 ItemMeasured
8 Oar-W mL

Pilot scale X-flow: EnvA+ES Page 172 of 226

~Samok Size‘_._.-–_,,,, [ ‘mL [l-fimU

w g.rt
191AI uglmL I tWA ! 5160

‘B l“’ug/mL I lWA I 7.6 I 10 I NIA
ug/mL I NIA 4.5 -@.a5 WA I

10 f
11 8a
12 (
13 cd
14 (
15 (
16 co
17 (
18 c- ----- . .
19 F (Fluoride) -(only rough rdg) ]

--- -- --- . . .
ug/mL I NJA I 46 I 63 1 NIA I

20 f
21 Fe
22 HCOO (Formsk

~ #
24 1A
25 i
26 F@
27 Mn r@mL I WA I -43.4 I CO.02 NIA
28 MO r@mL I N/A 12.7 15 NIA
2s Na 16550 49000 NtA
~ ~-- @mL Full 4.6 0.1 WA
31 No2 (NW) ug/mL WA 16553 21918 N/A
32 N03 (tWrate) I@ mL WA 25451 35660 WA
33 (2204 (Ox-date) ugfmL WA 4363 2969 WA
34 f u@mL WA 23 63 WA
35 Po tVA
36 Pb @JmL [ WA I -@.5 I 4.5 I WA
37 Si @mL I IVA 32 62 NIA
36 %
39 S04 (Sultate}
~ <

& 1

1

Ce ug/mL WA I 4 0.9 NIA
–i ug/mL N/A <0.2 4.05 N/A
cl r@/mL NIA 1255 1773
Cl Sample

N/A
u@mL N/A 1336.7 1s41 N/A
ug/mL N/A CQ.5 4.05 tVA

Cr @mL NIA 2 2.2 WA
c1# Imlmt WA cOA am=, NIA

F Sample i@ mL N/A I 53.95 <10 WA
ug/mL NIA d3.6 0.66 N/A

e) Iugl mL WA I 532 721 NIA I
g/mL WA 1076.6566 1594.698 WA
@mL WA <1,4 4.14 WA
@mL N/A <7 4.7 WA
grmL WA 4.5 4.03 WA.- . . >

I 11
uglmL I NIA I :

Ni I 1“”-.
L

P 11

M (Phospl-@e) r@mL I NIA I 67 ! 272 I

wglmL WA 4.5 CQ.4 WA
.- .

) v@mL WA 96 154 WA
Sr @rnL NIA 4.5 -am WA
l- i-’ U#mL WA 4.5 ‘.’ .. dM35 ‘“ N(A

42 Iv @nrL N/A <1.2 43.12 lWA
A? 17n im/mL N/A 1.0 2 WA

L WA <1.5 4.15
.- ,-. -= ....

44 Zr
.

@ml WA
45 Total Organic Carbon @mL [ N/A I 1898 I 543
46 Total I

WA
norganic Carbon @mL [ N/A 1774 524 N/A

47 sue
Aa T—,4; ti_.. . .,— -w

50 MeanParticleSi
51 K
52 O,.- ....v . -“--.., -. ..-. .“, .
53 Comment

. . . .

I I viscosity done by capillary I
.-. .

I viscosity done by capillaryl Trimodal particle d~tributiin
,,

perrded solids M% N/A 402 4.01 I WA
%tal Sokis wt% N/A N/A NIA WA
A-. P.&lo Qizn by v~ume m~orl NIA N/A NIA

by Number micron N/A
1.8114.9V213

NIA N/A 1.03
(inemat”cViicosity Csi 1.51 WA 1.33 NIA
%R!arnbVi.mdll I (!P iRA I WA i A7” WA

.

Table El: Analytical – All data, Page 6



Pilot scale X-flow: EnvA+ES Page 173 of 226 BNF-003-98-0221
Revision O

AM I AN AO AP
2.16 2.16 2.16 2.16b

3NF-SXF2055-A+ES_09 BNF-sxF2055-A+Es_lo BNF-SXF2055-A+ES_06b
a-i%K.QQ -.<909Q!Z 3-129115

Slllrtv

.. .
WA I

..- . .-. -.. N/A
1 Ill@ mL I NIA I NIA CO.5 WA
a ug/mL] WA NIA Q WA
4 I, mlml I WA I NIA 4.2 WA

K9Q N/A
WA
WA
WA
WA

—- NIA
nl I WA I NIA I I*G I WA

NIA
WA
N/A
WA

..- . . . .-. . WA

9 Iug/mLl WA NfA i.s WA
n I ug/mLl N/A WA I 4.4 I WA
n I 8mlml I NIA NIA l+Q NIAa.-..

N(A
WA
WA
WA

- . ,. . .—r. -.-, - . ..- . . . . .“.. WA
) I@ L WA WA z WA

@mL NIA WA 13 N/A
-1 i ,I/I/tllL WA WA <4 N/A

ml MIA MIA AA N/A

N/A
WA
N/A

..- . . . . .-. . ---- N/A
uglmL NIA NIA 1124 NIA
W% WA 4.65 4.02 WA

. . , . .=. —-” W% NIA 10.518 N/A NIA
49 [Mean Patii Si by Volunw miaon WA WA WA 1.7/6
.50 }hkmn PnrtiPkaSiiI? hv NIImtM micmn NfA tWA NIA ~oAR-----

NIA I
-- ..---- ------ -— -, ... .... . . .. .... .. .-. . .-. . .-. .
51 Kinamatic Viiity I Cst I <1.6 I N/A NIA
52

. . . .
Dynamic Viscosity CP .4 N/A WA tWA

58 COmnant I I HAAKE/SPINNINGCONE I bimodalparticledstibution
.,

Table El: Analytical – All data, Page 7



Pilot scale X-flow: EnvA+ES Page 174 of 226 BNF-003-98-0221
Revision O

Ala

AQ I AR 1 AS AT AU AV
1 TEST RUN -—L--------------–------> 2.16b 2.16b 2.17b 2.18
2 BNFL Sample ID -----—---------—x BNF-SXF2055-A+ES_09b BNF-SXF2055-A+ES_l Ob BNF-SXF2055-A+ES_ 1lb 13NF-SXF2055-A+ES_l 2
3 ADS Sample ID --—-----–------——>: 3-129123 3-129118
4 T

3-129119 3-129266
ype Sample -–--------------------> slurry filtrate filtrate filtrate

nple ~~-—-—...-_->>l mL 15 15 15 15
ssJw*ww’Tc—m— S%CP.EWMGT~=GMKUS ~.E9-T0M=GAM044S

Y glmL NJA 1.055 1.031
9 Al

1.025
uglmL tVA 3160 1536

10 0
1320

ug/mL NIA 4.9 2.5 <1.5
11 85 u@nL N/A 4.05 4.05
12 Ca

4.5
~mL IVA 1.2 3.1 4

13 cd ugfmL WA 4.05 <0.05
14 a

4.05
u@mL NIA 735 295 233

15 Cl Sample ug/mL NIA 1973 360
16 Co

319.3
ugfmL WA CO.05 4.05

17 Cr
4.2

uglmL NIA 1.1 0.7 4.5
18 Cu uglmL N/A 4.05 4.0s d3.4
19 F (Flwrida) -(only rough rdg) ug/mL WA 36 18 13
20 F Sample UghnL WA <10 <10 7.35
21 Fe ugmL NIA 0.31 0.23 -d16
22 HCOO (Formate) ugfmL NfA 320 140 96
23 K @mL N/A 669.5910 303.406 250.207
24 La uglmL NIA 4.14 4.14 <1.4
25 Li ug/mL WA d.7
26 Mg

.33.7 <7
uglmL N/A 4.03 d.03 4.5

27 Mn ug/mL N/A 4.02 4.02 CO.4
26 Mo uglmL NiA 7.2 3.3 3.9
29 Na ug/mL NJA 16300

“ii
11860 12450

q
e) @mL I NfA I 9718 I A

30 N ~mL [ WA I .dJ.Oe I 4.06 d3.6
31 No2 (Nii 4279 3527
32 No3 (fwrate) uglmL WA 14265 5487 4666
33 0204 (Oxalste) @mL tWA 7057 7755 6325
34 P uglmL t-UA 2S 13 &
35 Po4 (phosphate) ug/mL tWA 67 36 11
36 Pb ug/mL NIA .s3.5 4.5 &
37 Si ug.!mL IVA 30 17 4
“36lSn ug/mL [ WA ! 4.4 I ‘4.4 ! <4 I

I q
k u@mL I WA I .3x25 I .- J

38 S04 (Suifate~ #mL I NIA I 67 I 25 -23
40 s &35 CQ.5
41 n- -- I’@ mL] .“- N(A I 4.06 1 4.05 .43.5
42 v u@mL ] WA 4.12 4.12
43 Zn

<1.2

!lKt mL I NIA ! 1 ! 0.2 5.2
— .— .-

44 Zr L@mL I WA 4.15 CU.15 <1.5
45 Total OrWUMC“ Catin u@mL N/A 966 1039 2492
46 Total Inorganic Car’bun uglmL WA 296 199 498
47 Suapa@d SoIii w% 5.49 <.01 <.01 4.02
46 Total806dS M% 12.63 IVA N/A NIA
49 Mean Parlide Si by Volume micron WA WA WA N/A
50 Mean Partic4aSie by Numbs micron WA WA WA N/A
51 Kioematii vii! Cst WA 1.15 1.06 NiAIs I (

Ironsmic Vicosity CP I NIA
knmmeni I

I 1.21 I 1.11 I N/A
I vi.scnsitvdone hv canillmv I vi.acitu dnne hv rsnillafv i

Table El: Analytical – All data, Page 8



Pilot scale X-flow: EnvA+ES Page 175 of 226 BNF-003-98-0221
Revision O

3 IAJJSSample ID -—----------–----–->j 3-129120 ! -3-129287 !

AW I Ax I AY AZ BA BB
1 TEST RUN -—----------------------- 2.18b 2.19 2.19b 2.2ob
2 BNFL SSMP!4 ID —--—------–----->1 !3NF-SXF2055-A+ES_12b BNF-SXF2055-A+ES.13 BNF-sxF2055-A+Es_ 13b BNF-SXF2055-A+ES_l 4b

3-129121
4 TMJS

3-129116
Sample —-—---------------->1 filtrate 1 filtrate

5 Sample Size --------.. ---.->>1 ~L
I filtrate slurry (80-liier startingvc4ume)

15 15 15 50
6 Measurement(s) Mada —------–->~ SS!ILWESIM’IGTOUSHW$UCWSI SS.WWA.WWWWC.-I -.w-T.ms— MICROTRAC
7 Item Measured
8 Oenai” from 1.054 to 1.143

860 367 I NIA9 IN
in lR

ICOO (Formate)

16” Cu
19 F (Fluoride) -(onty rough rdg~
20 F Sample
21 Fe
22 H
23 K
24 La
25 Li
26 Mg
27 Mn
28 w
29 Na
30 qf
31 No2(
32 No3(
33 C204
34 P
33 Po4 (Phoaphate)
36 Pb

~ s
S6 Sn
S3 S04 (Suffate)
40 Sr .
41 1-i
A9 v

43 I.zn
44 [z

ids I

uglmL I 1.5 I <1.5 I 0.9 I WA I
ug/mL I <0.05 I 4.5 I <0.05 I WA
ug/mL I 4.2 Q -33.2 WA
ug/mL I 4.05 I <0.2 I 4.05 I N/A
ug/mL 149 127 I 61 fWA
ug/mL 542 159.3 445 NJA
ug/mL 4.05 <0.5 4.05 f41A
uglmL CO.1 4.5 4.1 WA
ug/mL 4.05 4.4 4.05 WA
ug/mL 11 8 6 NIA
ug/mL <lo 3.05 <lo WA
uglmL 0.16 cO.6 0.07 fVA
ug/mL 76 59 37 WA
ug/mL 159.9815 131,8985 62.0455 WA
uglmL &.14 <1.4 4.14 WA
ugfmL 4.7 <7 4.7 WA
ug/mL CQ.03 4.5 4.03 NJA
ug/mL 4.02 4.4 4.02 N/A
ug/mL 1.8 2.7 0.8 WA
ug/mL 6735 6665 2905 fWA
@mL 4.06 4.6 4.06 WA
ug/mL 2254 1650 868 NIA
uglmL 3852 2697

m
1261 NfA

ug/mL 4294 1564 WA
ug/mL 7 & s WA
ug/mL 19 <lo 4 NfA
u@mL 4.5 4 4.5 NIA
@mL 12 4 6.6 fWA
ug/mL 4.4 <4 4.4 N/A
ugfmL 13 12 6 WA
ug/mL 4.05 -s3.5 4.05 WA
uglmL 4.05 4.5 - ... .. CQ.05 N/A
ug/mL 4.12 <1.2 4.12 WA
ug/mL 0.06 4.4 UI.03 WA
ug/mL 4.15 <1.5 d.15 WA
ug/mL 581 1539 262
uglmL 143
VA%

336 88
<.01 4.02 <.01

Vlt% N/A WA fVA
mioron WA N/A WA
micron N/A N/A WA

Cst 1.04 N/A 1.Cn) 3
WA

?A
NIA
3.33

1.016/2.164
N/A

Oynamic Viscosity I CP I 1.C6 I N/A 1 1.01 I WA
,-0 @mment t viscositydone by capillaryI I viscesily done by sapillaryI Post-wash De-watering

Table El: Analytical – All data, Page 9



Pilot scale X-flow: EnvA+ES Page 176 of 226 BNF-003-98-0221
Revision O

I I BC I BCI I BE BF BG BH
.-.+.--. --.. — 2.20b 2.20b 2.20b 2.20b
) -–——---—->j BNF-SXF2055-A+ES_l 5b t3NF-SXF205S-A+ES_l6b Viiosity 2 VkcOsity3
-.——— —> 3-129124 TNX SamplefNo Number TNX Sample/No Number TNX Samplr#NoNumber

------—-—–--—->slurry (80-liir atartlrng volume $Iurry (SO-liier starting volume Stumy(57.9 Iii remain) slurry (43.1 liters remain)
,..-.--— —>> ml *5 1 150 i.srr I <U-I

F
lx

—---- , . ....
Im L
1, 4-’mL N/A NIA WA N/A

. . N/A WA WA WA
UQ N/A WA WA WA
w WA NtA WA WA
ug/mL WA NIA WA

x
NIA

ug/mL WA N/A NIA N/A
imple ug/mL WA WA WA N/A

ico r@llrL N/A WA WA NfA
x uglmL WA N/A NJA WA

WA N/A N/A WA
NIA N/A WA WA
WA WA WA WA

I,L WA WA *,,* .,,,
., .,,. .,,.

17 c_
18 CM r@nL
19 F (Fluoride)-(onlyroughrdg) u@mL
20 F Ssmple u@mL
21 Fe ~m’ ,Wn I
22 l-iCMt IForrnatd

tWm
llnhnL ,Wfl I ,Qfn WA WA

nL WA N/A WA I WA
“1 I MA I MIA WA NIA

EF
30N
31 NC
32 m
33(

.. . . .-. . .. ..
UA I N/A I tWA I WA I

a w
i ~

tWA
u@rrL I WA
@nL I N
u@rrrLI N/A I N/A I WA I N/A
u@nL i N/A WA

Ii
WA WA

u@rrL I WA I IWA I N/A I
12(N-) @mL {

NIA
N

13(wets) u@rnL[ N
VA I WA I NIA I N/A
WA WA FUA WA

Woxelate) Id –@i k,tA I &,,& I k,,?, I WA.

[r” t

I

,,L ,Wn ,“tl ,“-

WA IWA WA WA

IWA NIA WA WA
WA NIA NfA WA
WA WA N/A WA
N/A N/A WA WA
N/A WA .,,A .,,1

N/A N“

I WA I I
WA !

,Wfi ,Wn

.,-1 WA WA
VA NIA WA

. . . . WA WA WA
WA WA NIA WA

. WA WA WA WA
NIA tWA WA WA

I 10 L NIA N/A WA WA
ended Scdii l-l 5.04 I 4.97 I WA I 11.69 1
Soiiis 6.96 7.65 10.79

47 Suqx
4s Total :
49 MeerrPerlide Si by Vo4umemicmrr1 MIA I kltA I N IA

50 Mesn Parlide BizebYNumbe mkrdn ‘=

51 Kmemsticvii Sst
52 CMremisvii SP I ,X/,-l 1 ,.“ I , .“ #
53 00mment

,.“
“OaWssh Oe-watering HAAI03SPINNING CONE I HAAXEISPINNING CONE HAAKHSPINNING CONE I

1 ,Wr. 1 , “n t ,“” !

,1 WA WA WA ,Wn
, I WA I 1.6 I 1.6 I 1.4

.,,A .a <e 4G I

Table El: Analytical – All data, Page 10



Pilot scale X-flow: EnvA+ES BNF-003-98-0221Page 177 of 226
Revision O

. . 1’ 01 I w I BK I BL
I ITEST RIJN -–.------------------------.--4 2 20h Final Concentrate.—-. . ------
2 {BNFL Sample ID —-------------------;~ BNF-SXF2055-A+ES_17b I BNF-SXF2055-I

I g,,,, L1 ,.”,=
‘ .’-’~L 705

10 B ug/mL 1.4 d.13

11 8s uglmL 4.05 4.02

12 Ca u@mL 4.2 3.3

13 Cd ug/mL <0.05 0.1
14 c1 uglmL 116 WA
15 Cl Sample u@mL 145 N/A

16 CO ug/mL 4.05 4.02
*7 Cr Imlml 1 t .=

\91Al I ugm I 16,6

1 1.a

0.07~ 18 ICU ugfmL -43.05
. —.—.

dg) u@mL 9 I WA
ug/mL <10 NIA
ug/mL 0.07

“-IL 60 I P

19 F (Fluwide) -(only rough r{
,—

20 F Sample
—

21 Fe
—

\ 21.4

22 HCOO (Forrnate) I Ug/ml WA

23 K I ug/mLj 131.1465 I WA

j 24 [La ugfmL 4).14
25 Li u@mL 4.7 4.7
26 Mg ug/mL -43.03 1.1

27 Mn ug/mL 4:02 0.16
11 1% nil=.

I 4.14

126 IMo I ughr —
29 lNa I@ mL ! 6475 I 38.7
?,0 lNi I tm/mL I ci)nli ~7-- .. -..
31 N02 (Nfirite) ug/m., .“, , ,., -
32 N03 (Nitrate) ug/mL I 2635 NfA
33 C204 (Oxalate) ug/m” -453 N(A
34 P ugtmL I 6 49
3s P04 (Phosphate) u@mL 12 WA
36 P

.- ----- ,..-
-J [ 4Q47 I N!Ii

% 1ug/mL 4.5 1.5
., ‘ ..-’IL 13 1.4

?L 4.4 4.4
ml 11 NIA

38 Sn ugfm
39 S04 (Sulfate) ug/m-, .-. .
40,Sr u@mLI i.& -4.05
41 Ti u@mLj 4.05 0.s
42 v 4.12
43 Zn I @mL I .m.03 0.33
44 Zr @m 0.15

[ug/mLI 4.12--

lL \ 4.15
45 IToW Organic Carbon IQ mL [ 1164 ! N/A
46 Total Inorganic Carbon ug/mL 163 WA
47 Suspaded solids w. <.01 cir.oo4
46 ToW Sdikk+ w% NIA WA
49 Mean Pertide Size by Volume micron N/A WA
50 Mean Psrth
,5i Kinnmdb \

itie size by Numbet micros NIA WA
. . . . ..... . ... . . Visccx?.ity Cst N/A NfA

521DY?Iamic VisGOsily CP WA NIA
53 lComment I I I tindout remaining stifd~

Table El: Analytical – All data, Page 11
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Figure El. Slurry at 0.5 wt% insoluble solids and 29 wt% total solids: Run 2.13
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Figure E2. Slurry at 8 wt% insoluble solids and 36 wt% total solids: Run 2.14b
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Figure E3. Slurry at 12 wt% insoluble solids and 14 wt% total solids: Run 2.20b
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Al: Pilot-scale X-Flow, Env. A + ES
(Concentration infiltrate)
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Figure E4, E5, and E6. Aluminum, Calcium, and Chlorine, respectively
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Cc Pilot-scale X-Flow, Env. A + ES
(Concentration in Filtrate)
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F: Pilot-scale X-Flow, Env. A + ES
(Concentration in Filtrate)
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Figure E7, E8, and E9. Chromium, Florine, and Iron, respective y
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K: Pilot-scale X-Flow, Env. A + ES
(Concentration in Filtrate)
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Figure E1O, El 1, and E12.Potassium, Manganese, and Molybdenum, respectively
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Figure E13, E14, and E15. Sodium, Nickel, and Phosphorous, respectively
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Pb: Pilot-scale X-Flow, Env. A + ES
(Concentration in Filtrate)
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Si: Pilot-scaleX-Flow, Env. A+ ES
(Concentrationin Filtrate)
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Figure E16 and E17. Lead and Silicon, respectively
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0

C204: Pilot-scale X-Flow, Env. A + ES
(Concentration in Filtrate)
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Figure E18, E19, and E20. Oxalate, Phosphate, and Sulfate, respectively
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z Particle Size Info

Source: “Resultsof DilutionStudieswithWaste from Tank 241-AN-105” by D. L.Herting,
HNF-SD-DTR-046,Rev. 0, 10/10/1997.

Undilutedwholetank compositesample of 241-AN-105had as follows

I I

I Number Dens{&

.

.

.. . .

. . .
.1 2 -- 5 10 20 50

. .
Size, ~m (log soak) “

.

.

.

1 .2 ‘-’5 10 20 50

Size, ~m(logscale)

Figure E21. Insoluble Solids Distribution from Actual Tank AN-105 Waste Sample

.
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Figure E22A.Envelope A+ES Insoluble Solids Volume Distribution: Pre-test Sample
(125 mL sample of simulant was made prior to large batch)
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Figure E22B.Envelope A+ES Insoluble Solids Number Distribution: Pre-test Sample
(125 mL sample of simulant was made prior to large batch)
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Figure E23A.Envelope A+ES Insoluble Solids Volume Distribution: Run 2.01
(Low-solids-concentation slurry experienced about 1 hour of circulation)
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Figure E23B.Envelope A+ES Insoluble Solids Number Distribution: Run 2.01
(Low-solids-concentation slurry experienced about 1 hour of circulation)
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Figure E24A.Envelope A+ES Insoluble Solids Volume Distribution: Run.2.13
(Low-solids-concentation slurry experienced about 24 hours of circulation)
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Figure E24B.Envelope A+ES Insoluble Solids Number Distribution: Run 2.13
(Low-solids-concentation slurry experienced about 24 hours of circulation)
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Figure E25A.Envelope A+ES Insoluble Solids Volume Distribution: Run 2.14
(Slurry after new solids were added Concentration approximately 9 wt%)
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Figure E25B.Envelope A+ES Insoluble Solids Number Distribution: Run’2. 14
(Slurry after new solids were added: Concentration approximately 9 wt%)
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Figure E26A.Envelope A+ES Insoluble Solids Volume Distribution: Run 2.16
(Slurry after 2ndWash)
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Figure E26B.Envelope A+ES Insoluble Solids Number Distribution: Run 2.16
(Slurry after 2ndWash)

I

.-.. ....

,
. 4’

—



Pilot scale X-flow: EnvA+ES Page 196 of 226 BNF-O03-98-0221
Revision O

MfCROT~C - S- 760 Vd,o
Pa~”cle Size Analysis 9-123114 DatW 07/13/66 Mess* 723

BNF-SXF2066-A+ES 06B Time: 1632 Pres & 1
1

Envelope A + Entrained Solids
pis Vol% Wwh

rnvs 3.* l-6 *.ogs~ . ~.~ ~ 1~ 4.393
Run 2. 14b mn a 1.220 2-s 1.333 7~ = $.923

Volume Distribution ma = 2.133 ~=1.744 ~=&072
es 6 2.- ~%= Z104 ~ = 6.347
M a 2.1% ~ 5=3 9&a 8.442

100.0

eo.o

eo.o

70.0

60.0

eo.o

40.0

So.o

20.0

10.0

0.0
0.100 l.oho

~
04.0
67.6
S20

~

leaoo
leaeo
lee.eo
leaeo
leaoo

%%
me.oo
100.00
lag

e6k4
32.96
ee.ee

36.62
19.30

t

.

- Sire (microns) -
~ X&S %G!a!!l S!zE %E?EQ%Q!M!!

..

.

iWRFlow~SO
Jl&aaon&~. rwwstts

kWbutkm: Volume iWnTlnw 46 seoonds FIuW WA “ , ,
I’qresaton: standard Run Number Avg of 3 runs
IpperEdgw 704.0

Fluid Relm&ve Index WA
PsrMe: WA

aWer Edae 0.888
l.oadi~ F- 0.0223

PartlolaTrans~ WA
Ut&saonioTIw WA aseunds

Tmnsmlaalom a60
!esid4ia& Disabled Partbta Retmith lr&wxA WA Above Residual: 0.00
lumber Of Chsnnels 20 ParMe sh$pW
I@h ResoIutlon: No

SelOwResiduak 0.00 ‘

‘literOn: WA DatabasePath: CWIWINWDPSD.DB

Figure E27A.Envelope A+ES Insoluble Solids Volume Distribution: Run 2. 14b
(Run 2.14 was redone after the slurry Na+ concentration was raised above 5 M)
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Figure E27B.Envelope A+ES Insoluble Solids Number Distribution: Run 2.14b
(Run 2.14 was redone after the slurry Na+ concentration was raised above 5 M)
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Figure E28A.Envelope A+ES Insoluble Solids Volume Distribution: Run 2. 16b
(Slurry after 2ndWash; 2ndattempt)
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Figure E28B.Envelope Ai-ES Insoluble Solids Number Distribution: Run 2.16b
(Slurry after 2ndWash; 2ndattempt)
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Figure E29A.Envelope A+ES Insoluble Solids Volume Distribution: Run 2.20b
(Dewatering after wash test runs: sample was taken before dewatering)
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Figure E29B.Envelope A+ES Insoluble Solids Number Distribution: Run 2.20b
(Dewatering after wash test runs: sample was taken before dewatering)
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APPENDIX F

INSTRUMENTATION AND MEASUREMENT UNCERTAINTY

Appendix Contents
1. Experimental measurement uncertainty
2. Figure F1. Instrumentation used with their transfer functions
3. Figure F2. Pressure transducer locations
3. Figures F3 to F16. Calibration sheet for the 14 instruments

Special Note:
As mentioned in Appendix E, there are no measurement uncertainties listed for the
analytical data they are beyond the scope and control of this task. There is reason to
believe that all analytical data can beat least 15% accurate but no quantitative data are
given to this effect.
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EXPERIMENTAL MEASUREMENT UNCERTAINTY

As always, any measurement made has an attributed error which must be known before a
level of confidence can be attained for the results obtained. This error may come from
one or all of the following: the measurement instrument, the way an instrument is setup
to make a measurement in relation to the experimental phenomenon to be measured, and
the person using the instrument. It is not the purpose of this section to exhaust all
possible avenues of measurement uncertainty, but rather to illustrate the level of
measurement uncertain yin the results presented in Appendices A, B, C, D. (Outside of
density and capillary viscometer measurements taken, the measurement uncertainty of the
analytical data in Appendix E is beyond the scope of this task.) In general, the
measurement uncertainties present here are for a reading or calculation at any instant.
That is, the fluctuations that occur during experimentation are not addressed here. The
magnitude of measurement fluctuations with time that occur during an experimental run
can be seen at the bottom of each data table from the preceding appendices. Each column
of data includes the average value of those data and their standard deviation.

In all the data sheets included in Appendices A, B, C, D there are raw data columns (all
columns to the left of the Number column, which is usually column S) and there are
calculated data columns to the right of the Number column. The uncertainty of a raw
data measurement is the calibrated uncertainty of the individual instrument.

Example to find the measurement uncertainty of a raw data point:
1.
2.

3.

4.

Find the data column Din any Appendix- A through D. -
Check the column heading against the Nomenclature, included in the beginning of
each Appendix, to find that the data in column D were obtained by Thermocouple T2.
Look up Thermocouple T2 on Fig. F1 in this Appendix to see that the average*
calibrated uncertainty is 1.2°C (95% confidence level**). If a closer look on how that
specifics ystematic error was obtained is desired, then check the appropriate
calibration sheet. Thermocouple T2 is shown as Fig. F4. (The calibration sheets are in
order of the fourteen instruments that are listed in Fig. F1, with the f~st instrument T1
shown in Fig. F3 and the I& ilktrument Q3 shown in Fig. F16.)
[*A pre- and post-test calibration was done on each instrument. For this example, the
measurement uncertainties for T2 were 1.3°C and 1.1°C respective y, see Fig. F1.
The true instrument uncertainty was somewhere between the pre- and post-test
results. For this task each uncertain y was given equal weight, therefore an “average”
of the two numbers was used, i.e., 1.2”C.
**The confidence level comes from the Student’s t distribution function used in
determining an instrument uncertainty.]
The magnitude of the random error can be obtained from the standard deviation
shown at the bottom of each column of raw data. The standard deviation from the
average value, obtained from a specific instrument for a specific test run, will be a
good indication of random error for all but the filtrate flowrates, Q2 and Q3.
Temperatures, pressures, and slurry flowrates were maintained constant, therefore the
fluctuations around the mean should be normally distributed. The filtrate flowrates
decreased with time, due to the nature of the experiment. Therefore, the random error
for Q2 and Q3 should only be obtained when the filtrate flowrates reach some

. 4’
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asymptote. (In some rare cases, like on Run 2.20b when the goal was to dewater the
slurry until pluggage occurred the temperature could not be held constant, but
increased with time. In these cases the standard deviation will not properly represent
random fluctuations. To facilitate the evaluation of such occurrences each column of
data also has the maximum, minimum, and median values along with the average and
standard deviation. Note that the number of points used to determine these values is
also given. Extreme points, like when backpulsing occurs were excluded. With the
numb& of data points known the standard error of the mean may be obtained (i.e.
standard error = standard deviation/ square root (number of points)) [Ref. 16].

Measurement uncertainties for the calculated results can be obtained by the general
method of the Law of Propagation of Errors (section 4.7 of Ref. 23). The derivation will
not be given here and the following is just one example for one type of relation, albeit a
common relation.

For example, a calculated entity has an uncertainty of 6a. The entity a is a function of
three measured quantities: b, c, and d by the following relationship: a = b x c / d and
these quantities have measurement uncertainties of Zlb,i%, and 5d, respectively. The
uncertainty can be shown as:

@a)2 = [(&/8b)i3b]2 + [(i%/i?c)5c]2 + [(ik#i3d)5d]2,

if the error terms are independent and symmetrical The term ~a is squared to capture
both the negative and positive error terms.

Then for the relation a = be/d the relative uncertainty can be shown to be:

?kda = [(i5b/b)2+ (8c/c)2 +@d/d)2]%. (1)

Using the above the relation (1) an uncertainty for velocity, transmembrane pressure,
filtrate flux, and permeability tie determined. The method of determining the .;.-”..’

measurement uncertain y of any of the calculated results will the same as the following
analyses. However, only one example of each calculated result is shown below. To
show an example, any specific calculated quantity is sufficient. An arbitrary choice of a
representative group of results is: Run 2.01 at the 120ti minute [The data for Run 2.01
can be found in Appendix B in the first table and the 120ti minute is row 135.]

The measurement uncertainty for the following values will be shown:

v, ft/s TMP, psi Fc (at 25”C), gpm/ft2, P, gpm/ft2/psi
6.4 31.8 0.085* 0.00267

*actual temperature was 30.6°C but was adjusted to 25°C as per the customer
specification, Ref. 3, therefore Fc means the corrected filtrate flux.
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The results of the measurement uncertainties found below at the 95% confidence
level are:

Slurry Velocity = v &8.16%
Transmembrane Pressure = TMP &1.07 %
Temperature Corrected Filtrate Flux = Fc &6.72 qO

Permeability = P * 6.80 %

F.1 Ve[ocity [ V = Q1 / ACrO~~.=CtiOn]

This uncertainty is combination of the instrument, Q1,’uncertainty and from the lack of
knowledge of the exact inside diameters of the filter tubes. The instrument uncertainty is
obtained for that instrument’s calibrated uncertainty. An accurate measurement of the
average inside diameter of the filtrate tubes was impossible since it may vary down the
length for each filter tube and may vary from tube to tube. Even measuring the diameter
at the filter tube ends is difficult because of the weldments to the tube sheets. What will
be used is the manufacturer’s tolerances. For a Mott 3/8-inch tube the diameter
tolerances are stated by the vendor to be +0.025 inch and -0.005 inch. The diameter of
the filter tubes can presumably vary anywhere between those tolerances therefore for this
task the diameter uncertainty will be taken as the average tolerance, i.e., 4.015 inch.

The measurement uncertainty estimate:

Calibrated uncertainty (Figs. F1 and F14): i3Ql = K1.25 gpm
Slurry flow rate: Q1 = 15.54 gpm [Run 2.01, Row 135, Column P: Appendix B]
Filter tube inside diamete~ bd = @.015 inch
Filter tube inside &unete~ d = 0.375 inch

V= Q/ A= Ql/(nd2/2)

In the form of Eq. (l): 6V/V = [(/iQl/Ql)2 + 4(M/d) 2 ]%. . ,, ;.,

[Note the multiplier 4. This results from the derivation ZW/~dbecause of the exponent]

Therefore, [(0.25/15.54)2 +4(0.015/0.375)2]% x 100%= ~8.16 %

The uncertainty of the example V is: 6.4 54).6ftis

[since 6.4 x 0.0816- 0.52] . .

F.2 TransmembranePressure [ TMP = (dP2 + dJ?3) / 2 ]

This uncertainty is will come from two instruments, dP2 and”dP3. Also, there is another
uncertainty do to location of the pressure taps. As seen in Figs. 1 and F2, dP2 is located at
the bottom to the filter housing (upstream to the filter) and dP3 is located at the top of the
filter housing (downstream to the filter). Due to the same fluid being in the pressure lines

. d’
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(water) a liquid-filled system will give the corrected pressure drops, however, the slurry
pressures lost upstream to the filter and gained downstream of the filter are not
symmetrical and therefore do not cancel out. With this said, this addition to the
uncertainty is small compared to the assumption that true TMP is represented by the
average of two pressures at the ends of a filter. Because the filter is oriented
perpendicular to gravity and the flow causes a pressure and concentration gradient along
the entire tube wall it is not clear what TMP would be representative of the entire filter
unit. On “theother hand, the way measurements were taken probably will be similar to
the field use of this filter and therefore a good measurement for design purposes. The
uncertainty is actually the uncertainty of two measurement devices, and nothing more.
Finally, the Law of Propagation of Errors by Eq. (1) does not lend itself to additive
contributions to uncertainties. Fortunately, the two quantities are similar in magnitude
and calibrated uncertainty. Equation (1) will be used as long as it give an uncertain y
larger than the largest calibrated uncertainty for the two pressure transducers.

The measurement uncertainty estimate:

Calibrated uncertainty (Figs. F1 and F12): &W2 = M1.23psi
Pressure drop: dP2 = 33.13 psid [Run 2.01, Row 135, Column J: Appendix B]
Calibrated uncertainty (Figs. F1 and F13): MP3 = 4.25 psi
Pressure drop: dP3 = 30.49 psid [Run 2.01, Row 135, Column M: Appendix B]

TMP =(dP2+dP3)/2

In the form of Eq. (l): &IMIVTMP = [(W.P2/dP2)2 + (&iP3/dP3) 2 ]%

Therefore, [(0.23/33. 13)2 + (0.25/30.49)2]% x 100% = 31.07 %

The uncertainty of the example TMP is: 31.8 4).4 psid

[since-31.8 X 0.0107- 0.34]

F.3 Filtrate Flux [ F = Q2 / Ahne,.,uti,ce ]

This uncertainty is combination of the instrument, Q2, uncertainty and from the lack of
knowledge of the exact inside diameters and length of the filter tubes. The instrument
uncertainty is obtained for that instruments calibrated uncertainty. The uncertainty of the
inside diameter of the filter tubes has already been addressed in section F. 1 and it was
estimated at 0.015 inch. The uncertain y of the length of the filter tubes was estimate
from in-house measurements. The requested tube length from the manufacturer was 40
inches. Because of weldments at the ends and the center (the 40-inch length was made of
two 20-inch tube sections) the active length seemed closer to 39 7/8 inches. However,
since it was difficult to get an exact measurement, not being able to measure inside, the
40-inch length was used to determine the inner surface area and the l/8-inch difference
will be used for the length uncertainty.



Pilot scale X-flow: EnvAi-ES Page 207 of 226 BNF-003-98-0221
Revision O

The measurement uncertainty estimate:

Calibrated uncertainty (Figs. F1 and F15): 8Q2 = &O.009gpm
Filtrate flow rate: Q2 = 0.227 gpm [Run 2.01, Row 135, Column Q: Appendix B]
Tube inside diameter uncertainty: 5d = M.015 inch (from manufacturer)
Tube inside diamete~ d = 0.375 inch
Tube length uncertainty: 6L = &O.125 inch
Tube length: L =40 inches

F= Q/A= Q2/nd L

In the form of Eq. (l): ?iF/F= [(i3Q2/dQ2)2 + (Zki/d)2 + (?lJL) 2]%

Therefore, [(0.009/0.227)2 + (0.015/0.375)2+ (O.125/40)2]72 x 100%= *.64 %

The uncertainty of the example F is: 0.085 M.005 gprn/ft2

[since 0.085 x 0.0564- 0.0048]

F.3.1 Effect of Temperature on the Measurement Uncertainty on F

As per the customer specification the filtrate flux was to adjusted such that it would give
a result at 25”C. The equation as was stated is:

F = Q2(Temperature) / Area = Q2 x Correction Factor /Area

CF = ~[2500((1/273+Slurry Temperature))-( 1/298))]

Only the correction factor’s effect on measurement uncertainty is dealt with here. The
:.: equation is accepted as error free, i.e., metho~ constants, etc. Only the uncertainty of-th@

temperature measurement which leads to the correction will be addressed.

Generally, the adjustment to F is small because, whenever possible, the slurry’s
operational temperature was maintained at 25°C which would result in a zero adjustment.
However, the example chosen to show measurement uncertainty had a temperature
difference of 5.6”C. That is, for Run 2.01 at,the 120ti minute the slurry temperature was
30.6°C [Initial test runs were only cooled with water cooling coils which were not
sufficient. The temperature was better maintained after the coolant was changed to
ethylene glycol.]. Unfortunately, the fact that a temperature correction is applied means
the temperature uncertainty will effect the calculated result at any temperature. That is,
even if the slurry temperature were 25”C, which would make the correction= 1.0, the
uncertain y of that temperature and thereby the correction, leads to an inherent
uncertainty of value that is being corrected, i.e, F. For this task the slurry temperature
was measured with thermocouple T1, which had a calibrated measurement uncertain y of
A1.3°C [see Fig. F1]. If at 25°C the temperature has an uncertain y of &l.3 “C, then the
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correction can be either 0.9642 to 1.0374, or approximately &3.66% [i.e., ((l-
.9642)+( 1.0374-1))/2 / 1.00= 0.0366]. To show the measurement uncertainty
mathematically from the correction equation is beyond the scope of this task, however it
can be shown graphical y. For a range of slurry temperatures from 15°C to 40”C, then
the correction can be shown to change from 1.34 to 0.67, respective y. However, with a
measurement uncertain y of %1.3°C this factor can be in error from approximately 3.9%
to 3.3%, respectively, see the Figure below:

Error [n Temperature Correction Due To The

Measurement Uncertainty In The Slurry Temperature

4,0%
I I I I !

15 20 25 30 35 40

SlurryTernperature, %

Therefore, for the sake of this example the relative uncertainty of the correction factor do
to the temperature will be assumed ~obe 3.7% since most of he data were obtained at
25”C. Using this constant value is not a bad assumption because between 20°C and 30”C
this uncertainty only fluctuates by approximately 0.1 %.

This increased uncertainty to the filtrate flux is then a combination of two uncertainties
already calculated above for F and the correction factor. The analyses still follows Eq.
(1) therefore:

,

The measurement uncertainty estimate:

Filtrate flux relative uncertainty 5F/F = &5.64% [section F.3]
Correction factor relative uncertainty i5CF/CF = =.66% [se@ion F.2]

Fcorrected = F x CF

In the form of Eq. (l): 6Fc/Fc = [(5F/F)2 + (5CF/CF) 2]%

Therefore, [(5.64)2 + (3.66)2]% = *6.72 %

—
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The uncertainty of the example Fc is: 0.085 &l.006 gpm/ft2

[since 0.085 x 0.0672- 0.0057]

F.4 Permeability [ P = F/ TMP ]
. .

This uncertainty is combination of two uncertainties already calculated above, in section
F.2 and F.3. The analyses still follows Eq. (1) therefore:

The measurement uncertainty estimate:

Filtrate flux relative uncertainty: 5Fc/Fc = &6.72% [section F.3]
TM? relative uncertainty: t5TMP/’TMP= Al .07% [section F.2]

P =Fc/TMP

In the form of Eq. (1): i5P/P= [(5Fc/Fc)2 + (6TMWTMP) 2]%

Therefore, [(6.72)2 + (1.07)2]Y2 = 5%.80 %

The uncertainty of the example F is: 0.002674.00018 gpm/ft2/psi

[since 0.00267 x 0.0680- 0.000182]

F.5 Second-Order Effects to Measurement Uncertainty

There were other effects on the measurement uncertainty which are not included because
they are thought to be of second order. For example, since the test rig was very tall,
approximate y 30 feet, it was subjected an ambient temperature gradient. Ambient
temperatures at the bottom-of the rig were usually less than at the top. For the example
used in this section, [Run 2.01, Row 135, Columns G and W. Appendix )3], the
temperatures were 26.1 “C and 27.3”C, respectively. This gradient varied hourly and
daily for several reasons and it larger or smaller. Most importantly, the 1.2°C
temperature variation shown in this example is on the same order of magnitude-as the
calibrated uncertainties for the thermocouples. Further, the slurry in the loop generally
flowed fast, so the residence time in any one section of the rig was small. For Run 2.01
the flow rate was, Q1 = 15.5 gpm. The loop volume was approximately 5 gallons so a
fluid particle traversed the loop every 5/15.5 x 60-19 seconds. [Note that the slurry
flow rate for Run 2.01 was one of the slowest.] In this example, the slurry temperature
was measured to be 30.6”C, from one thermocouple located in the suction line of the
pumps. While it is certain that the ambient temperatures had an effect on the slurry
temperature it was small and at steady state the effect is incorporated in the slurry
temperature. The same is true for the ambient temperature gradient but to a lesser extent
and therefore not considered.

,
. 4’
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Pilot scale X-flow: EnvA+ES
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Figure F1. Instrumentation Used with their Transfer Functions
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UNCERTAINTY ANALYSIS
REF. WSRGTR-91-106

Temperatu~e
Medium

Boiling Water

Boiling Water

Boiling Water

Boiling Water

ice Point

Ice Point

Ice Point

Ice Point

Room Temp
Room Temp
Room Temp
Room Temp

Standard
Temperature

(c)
100.70
100.70
100.70
100.70
0.00
0.00
0.00
0.00

23.80
23.80
23.90
23.90

TR-2925

Calibration Data

Voltage
output
(mV)
6.338
6.357
6.345
6.340
-0.023
-0.017
-0.009
-0.018
1.404
1.428
1.495
1.466

Calculated
Temperature

(eq. 1)
(c)

100.28
100.56
100.39
100.31
-0.39
-0.28
-0.15
-0.30
23.50
23.90
25.00
24.52

BNF-O03-98-0221
Revision O

page of
calibration date

Error
(c)
-0.4
-0.1
-0.3
-0.4
-0.4
-0.3
-0.1
-0.3
-0.3
0.1
1.1
0.6

T (C) =0.00483+ 17.040918*mV- 0.224284*mVA2 + 0.005038*mVA3 (eq. 1)
(Limited Curve Fit, 0-100 C. From N. I.S.T. Reference Tables)

Uncertainty of the Standards: Temperature Curve Fit: +/- 0.010 C
Thermometer +/- 0.40 c

Ice Bath: +/- 0.10 c
Multimetec +/-( 0.0045 % RDG + 0.0005 mv)

= +1- 0.012 c @r 6.36 mV

Accepted Tolerance +-l- 1.7 c

Statistical Info.

b n:.

-0:5 1.00 11.00

Calculated Uncertainties:
standard curve-fit
uncertainty uncertainty
(c) (c)
0.41 1.13

PASS CALIBRATION?

Xbar SEE MSE
T (C) (%) (@2) (rY2)

2.262 43.12 21815.1 1.809 0.2010

fixed total

uncertainty uncertainty

(c) (c)
0.24 1.2

YES

Figure F3. Pre-test Calibration Data of Thermocouple T1
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UNCERTAINTY ANALYSIS TR-2926
REF. WSRC-TR-91-106

Temperature
Medium

Boiling Water
Boiling Water
Boiling Water
Boiling Water
ice Point
Ice Point
ice Point
Ice Point
Room Temp
Room Temp
Room Temp
Room Temp

Standard
Temperature

(c)
100.70
100.70
100.70
100.70
0.00
0.00
0.00
0.00

24.50
24.40
24.70
24.70

Calibration Data

Voltage
output
(mV)
6.350
6.349
6.345
6.348
-0.026
-0.012
-0.022
-0.015
1.466
1.448
1.555
1.498

Calculated
Temperature

(eq. 1)
(c)

100.46
100.45
100.39
100.43
-0.44
-0.20
-0.37
-0.25
24.52
24.23
25.98
25.05

page of
calibration date

T (C) =0.00483+ 17.040918*mV - 0.224284*mVA2 + 0.005038*mVA3 (eq. 1)
(Limited Curve Fit, 0-100 C. From N. I.S.T. Reference Tables)

Uncertaintyof the Standards: Temperature Curve Fit +/-
Therrnometec +/-

Ice Bath: +1-
Multimetec +/-(

= +1-

Accepted Tolerance: +1- 1.7 c

Statistical Info.
Xbar

a b ““, n T (c)
-0.05 1.00 11.00 2.262 43.31

Error
(c)
-0.2
-0.3
-0.3
-0.3
-0.4
-0.2
-0.4
-0.3
0.0
-0.2
1.3
0.3

0.010 c
0.40 c
0.10 c

0.0045 % RDG + 0.0005 mV)
0.012 c @ 6.35 mV

Sxx SEE
(m2) (m2)

21735.2 2.225

Calculated Uncer’tahties
standard curve-fit fixed total

uncertahty uncertainty uncertainty uncertainty

(c) (c) (c) (c)
0.41 1.26 0.18 1.3

PASS CALIBRATION? YES

Figure F4. Pre-test Calibration Data of Thermocouple T2

MSE
(@2)

0.2472

—
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UNCERTAINTY ANALYSIS
REF. WSRC-TR-91 -106

Temperature
Medium

Boiling Water
Boiling Water
Boiling Water
Boiling Water
Ice Point
Ice Point
Ice Point
Ice Point
Room Temp
Room Temp
Room Temp
Room Temp

Standard
Temperature

(c)
100.70
100.70
100.70
100.70

0.00
0.00
0.00
0.00
21.10
21.30
21.30
21.30

TR-2929

Calibration Data

Voltage
output
(mV)
6.350
6.352
6.349
6.350
-0.026
-0.023
-0.019
-0.021
1.211
1.176
1.182
1.188

Calculated
Temperature

(eq. 1)
(c)

100.46
100.49
100.45
100.46
-0.44
-0.39
-0.32
-0.35
20.32
19.78
19.84
19.94

T (C) =0.00483+ 17.040918*mV- 0.224284*mVA2 + 0.005038*mVA3 (eq. 1)
(Limited Curve Fit, 0-100 C. From N. I.S.T. Reference Tables)

Uncertainty of the Standards: Temperature Curve Fit: +/- 0.010 C
Thermometer +/- 0.40 c

Ice Bath: +/- 0.10 c

BNF-O03-98-0221
Revision O

page of
calibration date

Error
(c)
-0.2
-0.2
-0.3
-0.2
-0.4
-0.4
-0.3
-0.4
-0.8
-1.5
-1.5
-1.4

Multimete~ +/- ( 0.0045 % RDG + 0.0005 mv)
= +1- 0.012 c @ 6.35 mV

Accepted Tolerance: +1- 1.7 c

Statistical Info.
Xbar SEE MSE

a b ~ ..:, T (c) (a:) (cAZ) (cAZ)
-0.73 1.00 11.00 2.262 42.41 22130.7 2.000 0.2222

Calculated Uncertainties:
standard Cuwe-fit fixed total

uncertainty uncertainty uncertainty uncertainty
(c) (c) (c) (c)
0.41 1.18 0.73 1.5

PASS CALIBRATION? YES

Figure F5. Pre-test Calibration Data of Thermocouple T3
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Pilot scale X-flow: EnvA+ES Page 215 of 226

UNCERTAINTY ANALYSIS TR-2930
REF. WSRC-TR-91-106

. .

Temperature
Medium

Boiling Water
Boiling Water
Boiling Water
Boiling Water

Ice Point

Ice Point

Ice Point

Ice Point

Room Temp
Room Temp

Room Temp

Room Temp

Standard
Temperature

(c)
100.70
100.70
100.70

100.70
0.00
0.00
0.00
0.00
23.80
23.80
23.90
23.90

Calibration Data

Calculated
Voltage Temperature
output (eq. 1)
(mV) (c)
6.350 100.46
6.360 100.61
6.365 100.68
6.348 100.43
-0.015 -0.25
-0.009 -0.15
-0.003 -0.05
-0.009 -0.15
1.416 23.70
1.442 24.13
1.501 25.09
1.475 24.67

T (C) =0.00483+ 17.040918*mV - 0.224284*mVA2 + 0.005038’mVA3 (eq. 1)
(Limited Curve Fit, 0-100 C. From N. I.S.T. Reference Tables)

Uncertaintyof the Standards: Temperature Curve Fit +/- 0.010 C
Thermometer:+/- 0.40 c

Ice Bath: +/- 0.10 c

BNF-O03-98-0221
Revision O

page of
calibration date

Error

(c)
-0.2
-0.1
0.0
-0.3
-0.3
-0.1
0.0
-0.1
-0.1
0.3
1.2
0.8

Multimetec +/- ( 0.0045 V. RDG + 0.0005 mv)

= +/- 0,012 c @ 6.37 mV

Accepted Tolerance: +1- 1.7 c

Statistical Info.
.. Xbar

a b’ n T (c) (x)
0.09 1.00 11.00 2.262 43.12 21815.1

SEE

(W2)

1.724

Calculated Uncertainties:
standard curve-fit fixed total
uncertainty uncertainty uncertainty uncertainty
(c) (c) (c) (c)
0.41 1.11 0.09 1.2

PASS CALIBRATION? YES

Figure F6. Pre-test Calibration Data of Thermocouple T4

MSE

(@2)

0.1916
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Pilot scale X-flow: EnvA+ES Page 216 of 226

UNCERTAINTY ANALYSIS
REF. WSRC-TR-91-106

Temperature

Medium

Boiling Water

Boiling Water

Boiling Water

Boiling Water

Ice Point

Ice Point

Ice Point

Ice Point

Room Temp
.

Room Temp

Room Temp

Room Temp

Standard
Temperature

(c)
100.70
100.70
100.70
100.70
0.00
0.00
0.00
0.00

24.50
24.40
24.70
24.70

TR-2927

Calibration Data

Voltage
output
(mV)
6.348
6.351
6.352
6.349
-0.011
-0.001
-0.006
-0.002
1.465
1.460
1.547
1.511

Calculated
Temperature

(eq. 1)
(c)

100.43
100.48
100.49
100.45
-0.18
-0.01
-0.10
-0.03
24.50
24.42
25.85
25.26

T (C) =0.00483+ 17.040918*mV- 0.224284*mVA2+ 0.005038*mV% (eq. 1)
(Limited Curve Fit, 0-100 C. From N.I.S.T. Reference Tables)

Uncertainty of the Standards:

Accepted Tolerance: +1-

StatisticalInfo.

-a b n,...
0.12 1.00 11.00

Calculated Uncertainties:
standard curv*fit
uncertainty uncertainty
(c) (c)
0.41 1.00

PASS CALIBRATION?

BNF-003-98-0221
Revision O

page of
calibration date

Error
(c)

-0.27
-0.22
-0.21
-0.25
-0.18
-0.01
-0.10
-0.03
0.00
0.02
1.15
0.56

Temperature Curve Fit: +/- 0.010 C
Thermometer +1- 0.40 c

Ice Bath: +/- 0.10 c
Multimetec +/-( 0.0045 ‘Y. RDG + 0.0005 mV)

– +1-— 0.012 c @ 6.35 mV

1.70 c

Xbar Skx SEE MSE
T (c) (CA2) (CA2) (CA2)

2.262 43.31 21735.2 1.413 0.1570

fixed total

uncertainty uncertainty
(c) (c)
0.18 1.10

YES

Figure F7. Pre-test Calibration Data of Thermocouple T5
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Pilot scale X-flow: EnvA+ES

UNCERTAINTY ANALYSIS
REF. WSRC-TR-91-1 06, REV. O

Calibration Data

Nommaf

Pressure

(psig)

0.00
21.00
41.00
61.00
81.00
100.00
0.00

21.00
41.00
61.00
81.00
100.00
0.00

21.00
41.00
61.00
81.00
100.00
0.00

21.00
41.00
61.00
81.00
100.00

Correction
(psig)

o

-0.71

-0.71

-0.71

-0.71

-0.71

0

-0.71

-0.71

-0.71

-0.71

-0.71

0

-0.71

-0.71

-0.71

-0.71

-0.71

0

-0.71

-0.71

-0.71

-0.71

-0.71

Standard Uncertainties:

Applied

Pressure

(psi9)
0.00

20.29
40.29
60.29
80.29
99.29
0.00

20.29
40.29
60.29
80.29
99.29
0.00
20.29
40.29
60.29
80.29
99.29
0.00

20.29
40.29
60.29
80.29
99.29

Page 217 of 226

Gage

Reading

(mADC)

4.01
7.28
10.49
13.71
16.93
20.00
4.01
7.28
10.49
13.71
16.93
20.00
4.01
7.28
10.49
13.71
16.94
20.00
4.01
7.28
10.49
13.71
16.94
20.00

kluitimete~ +/-(
Dead Weight Tester +/-

Statistical Info:

a’” b n T
4.0083 0.1610 24.00 2.07

Calculated Uncertainties:

standard curve-fit

psig psig
0.11 0.07

Aeeepted Tolerance: +/- 2

PASS CALIBRATION? YES
TRANSFER EQUATION PSIG =

TR-2917

0.04
0.1

Xbar

psig

50.08

fixed

psig
0.00

psig

6.211

Curve
Fit

(mADC)
4.01
7.28
10.50
13.72
16.94
19.99
4.01
7.28
10.50
13.72
16.94
19.99
4.01
7.28
10.50
13.72
16.94
19.99
4.01
7.28
10.50
13.72
16.94
19.99

‘%0RDG -I-
psig

Sxx
psig2

27719.23

Error

(mADC)

-0.002
-0.005
0.005
0.006
0.006
-0.005
-0.002
-0.005
0.005
0.006
0.006
-0.005
-0.002
-0.005
0.005
0.006
-0.004
-0.005
-0.002
-0.005
0.005
0.006
-0.004
-0.005

0.0001

SEE

mADC2
0.0005

BNF-O03-98-0221
Revision O

page_of_
cal. date:

Total Uncertainty

psig
0.13

*mA -24.895

Error

(psig)

-0.01
-0.03
0.03
0.03
0.04
-0.03
-0.01
-0.03
0.03
0.03
0.04
-0.03
-0.01
-0.03
0.03
0.03
-0.03
-0.03
-0.01
-0.03
0.03
0.03
-0.03
-0.03

mADC)

MSE

mADC2
0.000o .

Figure F8. Pre-test Calibration Data of Gauge Pressure Transducer PI



Pilot scale X-flow: EnvA+ES

UNCERTAINTY ANALYSIS
REF. WSRC-TR-91-106, REV. O

Calibration Data

Nominal
Pressure Correction

(psid)
-11.00
0.00
11.00
31.00
51.00
71.00
91.00
-11.00
0.00
11.00
31.00
51.00
71.00
91.00
-11.00
0.00
11.00
31.00
51.00
71.00
91.00
-11.00
0.00
11.00
31.00
51.00
71.00
91.00

(gS:)

o
-0.71
-0.71
-0.71
-0.71
-0.71
0.71

0
-0.71
-0.71
-0.71

,-0.71
-0.71
0.71

0
-0.71
-0.71
-0.71
-0.71
-0.71
0.71

0
-0.71
-0.71
-0.71
-0.71
-0.71

Standard Uncertainties:

Statistical Info:
b

5.A 0.1589

Calculated Uncertainties:
standard

psid
0.05

Accepted Tolerance: +/-

Applied
Pressure

(psid)
-10.29
0.00
10.29
30.29
50.29
70.29
90.29
-10.29
0.00
10.29
30.29
50.29
70.29
90.29
-10.29
0.00
10.29
30.29
50.29
70.29
90.29
-10.29
0.00
10.29
30.29
50.29
70.29
90.29

Page 218 of 226

Gage
Reading
(mAOC)

4.01
5.65
7.28
10.46
13.63
16.81
20.00
4.01
5.65
7.28
10.46
13.63
16.81
20.00
4.01
5.65
7.28
10.46
13.63
16.81
20.00
4.01
5.65
7.28
10.46
13.63
16.81
20.01

Muitimetec +/-(
Dead Weight Tester +/-

T
28”00 2.12

curve-fit
psid
0.08

2 psid

TR-3109

0.04
0.01

Xbar
psid

34.45

fixed
psid
0.00

PASS CALIBRATION? YES
TRANSFER EQUATION: PSIG = 6.293

Cuwe

Fit

(mADC)
4.01
5.65
7.28
10.46
13.64
16.82
19.99
4.01
5.65
7.28
10.46
13.64
16.82
19.99
4.01
5.65
7.28
10.46
13.64
16.82
19.99
4.01
5.65
7.28
10.46
13.64
16.82
19.99

7. RDG .+
psid

Sm
psid’

33771.99

Error
(mADC)
0.000
-0.005
0.001
-0.001
0.007
0.006
-0.006
0.000
-0.005
0.001
-0.001
0.007
0.006
-O.(XM3
O.000
-0.005
0.001
-0.001
0.007
0.006
-0.006
0.000
-0.005
0.001
-0.001
0.007
0.006
-0.016

0.0001

SEE
mADCf
0.0008

BNF-O03-98-0221
Revision O

Total Uncertainty
psid
0.09

page_of_
cal. date

*mA ~-35.524

Error
(psid)
0.00
-0.03
0.00
-0.01
0.05
0.04
-0.04
0.00
-0.03
0.00
-0.01
0.05
0.04
-0.04
0.00
-0.03
0.00
-0.01
0.05
0.04
-0.04
0.00
-0.03
0.00
-0.01
0.05
0.04
-0.10

mADC)

MSE
mADCY ~~’“:’.
O.0000

Figure F9. Pre-test Calibration Data of Gauge Pressure Transducer P2
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UNCERTAINTY ANALYSIS
REF. WSRC-TR-91-106, REV. O

Calibration Data

Nommal

Pressure

(psig)
0.00
31.00
61.00
91.00
121.00
151.00
0.00

31.00
61.00
91.00
121.00
151.00
0.00
31.00
61.00
91.00
121.00
151.00
0.00
31.00
61.00
91.00
121.00
151.00

Applleo

Pressure

(psig)
0.00
31.00
61.00
91.00

121.00
151.00
0.00
31.00
61.00
91.00
121.00
151.00
0.00
31.00
61.00
91.00
121.00
15103
0.00
31.00
61.00
91.00
121.00
151.00

Standard Uncertainties:

StatisticalInfo:
a b

3.9939 0.1059

CalculatedUncertainties:

standard
paig

0.13

Accepted Tolerance +/-

Gage

Reading

(mADC)

4.01

7.28

10.44

13.61

16.80

20.01

4.01

7.28

10.44

13.61

16.80

20.01

4.01

7.28

10.44

13.61

16.80

20.01

4.01

7.28

10.44

13.61

16.80

20.01

Multimeter +/-(
Dead WeightTestec +1-

n T
24.00 2.07 .

curve-fit
psig
0.35

PASS CALIBRATION?
TRANSFER EQUATION

3

YES
PSIG =

TR-2145

Curve
Fit

(mADC)

3.99

7.28

10.45

13.63

16.81

19.99

3.99

7.28

10.45

13.63

16.81

19.99

3.99

7.28

10.45

13.63

16.81

19.99

3.99

7.28

10.45

13.63

16.81

19.99

0.04

0.1

Xbar

psig

75.83

fixed
psig
0.00

psig

9.442

Error

(mADC)

-0.016

-0.003
0.014
0.021
0.008

-0.025

-0,016

-0.003

0.014

0.021

0.008

-0.025

-0.016

-0.003

0.014

0.021

0.008

-0.025

-0.016

-0.003

0.014

0.021

0.008

-0.025

‘%. RDG +
psig

SM
psig2

63603.33

*mA

BNF-O03-98-0221
Revision O

page_of_
cal. date:

Error

(psig)

-0.15

-0.03

0.13

0.20

0.08

-0.23

-0.15

-0.03

0.13

0.20

0.08

-0.23

-0.15

-0.03
0.13

0.20

0.08

-0.23

-0.15

-0.03

0.13
0.20

0.08

-0.23

0.0001 mADC)

SEE MSE

mADC2 mADC2

0.0063 0.0003 “-

Total UnceWlnty

psig
0.38

-37.712

Figure F1O. Pre-test Calibration Data of Gauge Pressure Transducer P3
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UNCERTAINTY ANALYSIS
REF. WSRC-TR-91-106, REV. O

Calibration Data

Nominal

Pressure

(psid)

0.00
1.00

6.00
11.00
16.00

21.00
26.00
0.00

1.00
6.00
11.00
16.00

21.00

26.00

0.00
1.00
6.00
11.00
16.00
21.00
26.00
0.00
1<00
6.00
11.00
16.00
21.00
26.00

APplied
Pressure

(psid)
0.00
1.00
6.00
11.00
16.00
21.00
26.00
0.00
1.00
6.00
11.00
16.00
21.00
28.00
0.00
1.00
6.00
11.00
16.00
21.00
26.00
0.00
1.00
6.00
11.00
16.00
21.00
26.00

Statistical Info:
b

3.9:59 0.6154

standard
psid

0.017

AcceptedTolerance +1-

Gage
“Reading
(mADC)

4.00
4.61
7.69
10.76
13.84
16.92
20.00
4.00
4.61
7.69
10.76
13.84
16.92
20.00
4.00
4.61
7.69
10.76
13.84
16.92
20.00
4.00
4.61
7.69
10.76
13.64
16.92
20.00

Multimeter: +/-(
Dead Weight Tester: +1-

T
28!00 2.08

curve-fit
psid

0.011

0.500 psid

TR-3495

Curve

Fit

(mADC)
4.00
4.61
7.69
10.77
13.84
16.92
20.00
4.00
4.61
7.69
10.77
13.84
16.92
20.00
4.00
4.61
7.69
10.77
13.64
16.92
20.00
4.00
4.61
7.69
10.77
13.84
16.92
20.00

0.04
0.01

Xbar
paid

11.57

fixed
psid

O.000

PASS CALIBRATION? YES
TRANSFER EQUATION: PSID = 1.6249

Error
(mADC)

-0.004
0.001

-0.002

0.005
0.003
0.000
-0.003

-0.004

0.001
-0.002

0.005
0.003

0.000

-0.003
-0.004
0.001

-0.002
0.005
0.003

0.000
-0.003
-0.004

0.001
-0.002

0.005
0.003
0.000
-0.003

Y. RDG +
psid

s=
paid”

-2374.86

*mA

BNF-O03-98-0221
Revision O

page of

cal. date:

Error
(psid)
-0.01
0.00
0.00
0.01
0.00
0.00
-0.01
-0.01
0.00
0.00
0.01
0.00
0.00
-0.01
-0.01
0.00
0.00
0.01
0.00
0.00
-0.01
-0.01
0.00
0.00
0.01
0.00
0.00
-0.01

0.0001 mADC)

SEE MSE
mADG mADCY
0.0003 0.0000

Total Uncertainty
paid

0.020

-6.4930

Figure F11. Pre-test Calibration Data of Differential Pressure Transducer dl?l
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Pilot scale X-flow: EnvA+ES

UNCERTAINTY ANALYSIS
REF. WSRC-TR-91 -106, REV. O

Calibration Data

Nominal Applied

Pressure Pressure

(psid)

0.00

21.00

41.00

61.00

81.00
101.00

0.00

21.00

41.00

61.00

81.00

101.00

0.00

21.00

41.00

61.00

81.00

101.00

0.00

21.00

41.00

61.00
81.00

101.00

“ (psid)

0.00

21.00

41.00

61.00

81.00

101.00

0.00
21.00

41.00

61.00

81.00

101.00

0.00

21.00

41.00

61.00
81.00

101.00

0.00

21.00

41.00

61.00

81.00

101.00

Standard Uncertainties:

Gage

Reading

(mADC)

4.00
7.32
10.49
13.65
16.82
20.00
4.00
7.32
10.49
13.65
16.82
20.00
4.00
7.32
10.49
13.65
16.82
20.00
4.00
7.32
10.49
13.65
16.82
20.00

Page 221 of 226

TR-532

Curve

Fit

(mADC)

4.00

7.32

10.49

13.66

16.82

19.99

4.00

7.32

10.49

13.66

16.82

19.99
4.00
7.32
10.49
13.66
16.82
19.99
4.00
7,32
10.49
13.66
16.82
19.99

Multimeter: +/- (

Dead Weight Tester +-l-

Statistical Info:

a b T

3.9956 0.1584 24”00 2.07 _.

Calculated Uncertainties

standard curve-fti

psid psid

0.11 0.07

Accepted Tolerance: +1- 2

PASS CALIBRATION? YES
TRANSFER EQUATION: PSID =

0.04

0.1

Xbar

paid

‘“.50.837

fixed

psid
0.00

psid

6.314

Error

(mADC)

-0.004

0.002

-0.001

0.007

0.005

-0.008

-0.004

0.002

-0.001

0.007

0.005

-0.008

-0.004

0.002

-0.001

0.007
0.005

-0.008

-0.004

0.002
-0.001

0.007

0.005

-0.008

7. RDG +

psig

S)(X

psic?

28403.33

*mA

Error

(psid)

-0.03

0.01

0.00

0.04

0.03

-0.05

-0.03

0.01

0.00

0.04

0.03

-0.05

-0.03

0.01

0.00

0.04

0.03

-0.05

-0.03

0.01

0.00

0.04

0.03

-0.05

0.0001

SEE

mA13C2

0.0006

BNF-O03-98-0221
Revision O

Total Uncertain

psid

0.13

-25.227

page_of_

cal. date:

mADC)

MSE

mAD&
0.0000

Figure F12. Pre-test Calibration Data of Differential Pressure Transducer dP2



Pilot scale X-flow: EnvA+ES

UNCERTAINTY ANALYSIS
REF. WSRC-TR-91 -106, REV. O

Calibration Data

Nominal

Pressure Correction

-11.00
0.00

21.00
41.00
61.00
81.00
101.00
-11.00
0.00

21.00
41.00
61.00
81.00
101.00
-11.00
0.00
21.00
41.00
61.00
81.00
101.00
-11.00
0.00
21.00
41.00
61.00
81.00
101.00

(psid) “ - (psid)

0.71

-0!71
-0.71
-0.71
-0.71
-0.71
0.71

0
-0.71
-0.71
-0.71
-0.71
-0.71
0.71

-0%
-0.71
-0.71
-0.71
-0.71
0.71

-0°71
-0.71
-0.71
-0.71
-0.71

Standard Uncertainties:

StatisticalInfo:
b

5.:75 0.1450

CalculatedUncertainties:
standard

pa-id
0.11

AcceptedTolerance: +/-

Applied
Pressure

(psid)
-10.29
0.00
20.29
40.29
60.29
80.29
100.29
-10.29
0.00

20.29
40.29
60.29
80.29
100.29
-10.29
0.00
20.29
40.29
60.29
80.29
100.29
-10.29
0.00
20.29
40.29
60.29
80.29
100.29

Page 222 of 226

TR-3115

Gage
Reading
(mADC)

3.99
5.48
8.43
11.34
14.24
17.13
20.01
3.99
5.48
8.43
11.34
14.24
17.13
20.01
3.99
5.48
8.43
11.34
14.24
17.13
20.01
3.99
5.46
8.43
11.34
14.24
17.13
20.01

Multimetec +/-(
Dead Weight Testec +1-

n T
28.00 2.12

curve-fit
psid
0.16

2 psid

0.04
0.1

Xbar
paid

41.59

fixed
psid
0.00

PASS CALIBRATION? YES
TRANSFER EQUATION: PSID = 6.898

Cuwe
Fit

(mADC)
4.00
5.49
8.43
11.33
14.23
17.13
20.03
4.00
5.49
8.43
11.33
14.23
17.13
20.03
4.00
5.49
843
11.33
14.23
17.13
20.03
4.00
5.49
8.43
11.33
14.23
17!t3
20.03

‘%RDG +-
psid

s=
psidz

40678.85

*mA

Error
(mADC)
0.006
0.007
-0.001
-0.012
-0.013
-0.003
0.016
0.006
0.007
-0.001
-0.012
-0.013
-0.003
0.016
0.006
0.007
-0.001
4.012
-0.013
-0.003
0.016
0.006
0.007
4.001
-0.012
-0.013
-0.003
0.016

0.0001

SEE

0.0026

BNF-O03-98-0221
Revision O

Total Uncertainty
psid
0.19

page_of_
cal. date:

-37.854

Error
(psid)
0.04
0.05
-0.01
-0.08
-0.09
-0.02
0.11
0.04
0.05
-0.01
-0,08
-0.09
-0.02
0.11
0.04
0.05
-0.01
-0.08
-0.09
-0.02
0.11
0.04
0.05
-0.01
-0.08
-0.09
-0.02
0.11

MADC)

MSE
mADCZ
O.0001

Figure F13. Pre-test Calibration Data of Differential Pressure Transducer dP3
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UNCERTAINTY ANALYSIS TR-20350
REF. WSRC-TR-91-106

. .

Calibration Data
Meter
output
(mA)
3.977
7.115
10.434
13.535
16.807
19.889
19.887
16.740
13.594
10.325
7.194
3.978
7.216
10.379
13.628
16.724
19.813
3.979

Water

Temp

(c)
21.40
21.40
21.80
22.00
22.00
21.50
21.40
21.00
20.90
20.80
20.70
20.70
20.80
21.30
21.90
21.70
20.90
20.90

Water

Weighi

(Ibs)

o

1228

1682

1246

1679

2078

2079

1664

1254

1652

1257

0

1264

1669

1258

1663

2070

0

Time
Duration
(rein)
0,50
15.00
10.01
5.00
5.01
5.00
5.00
5.00
5.00
10.00
15.01
0.50
15.0+)
10.01
5.00
5.00
5.00
0.50

Mass

Flow

(Ibslmin)

0.0
81.9
168.1
249.0
335.3
415.5
415.6
332.6
250.6
165.2
83.8
0.0
84.3
166.8
251.5
332.6
413.9
0.0

Densi~ o = 62.441-1.374E-3*T -271 .818E-6*TA2+ 194.093E-9*TA3
7.4805 gallons= 1 flA3
Uncertaintyof the Standards: Weiaht:+l- 7.0 lbs

AcceptedTolerance +/-

StatisticalInfo.
b

3.;88 0.319 18“00

CalculatedUncertainties:

PASS CALIBRATION?
TRANSFER EQUATION

TemDerat;re +/- 0.40 C

Densitw +/- 0.06

Time-+/- ( 0.20

0.50 GPM

Xbar
T (GPM)

2.120 25.00

standard

uncertainty

(GPM)

0.17

YES

GPM = 3.137 mA

sec +

(G~fi2)
5231.96

curve-fit
uncertainty

(GPM)

0.09

-12.508

page of
calibrationdate

Calculated Data
Water Volume Volume

Density Flow Flow
(lb/ftA3) @A3/min) (GPM)

62.29 0.00 0.00

62.28 1.31 9.83

62.28 2.70 20.19

62.28 4.00 29.91

62.29 5.38 40.27

62.29 6.67 49.90

62.29 6.67 49.80

62.34) 5.34 39.94

62.30 4.02 30.09

62.30 2.65 19.83

62.30 1.34 10.06

62.30 0.00 0.00

62.29 1.35 10.12

62.29 2.68 20.03

62.28 4.04 30.21

62.29 5.34 39.95

62.30 6.64 49.70

62.30 0.00 0.00

Cuwe Fit

Ouput

(mA)
3.99
7.12
10.42
13.52
16.83
19.90
19.90
16.72
13.58
10.31
7.19
3.99
7.21
10.37
13.62
16.72
19.83
3.99

500.00 mdsec)

SEE MSE
(mAA2) (mAA2)
0.0023 0.0001

fixed total

uncertainty uncertainty

(GPM) - (GPM)

0.00 0.19

Figure F14. Pre-test Calibration Data of Magnetic Flowmeter Q1
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7.4S05 gallons= 1 ftA3

TR-20353UNCERTAINTY ANALYSIS
REF. WSRC-TR-91-106

C-alibration Data

Meter Water Water Time Mass

Output Temp Weight Duration Flow
(mA) (c) (Ibs) (rein) (lbs/min)
4.00 15.50 0.00 0.00 0.00
8.21 15.50 13.25 5.03 2.64
12.18 16.30 25.48 5.00 5.09
16.17 19.60 37.83 5.00 7.56
20.18 22.50 50.38 5.00 10.07
20.18 23.00 50.44 5.00 10.08
16.12 23.10 37.94 5.01 7.56
12.28 2%2.80 25.95 5.00 5.19
8.09 22.80 12.83 5.00 2.56
4.00 22.90 0.00 0.00 0.00
4.00 22.80 0.00 0.00 0.00
8.15 22.90 12.95 5.00 2.59
12.02 23.00 25.12 5.00 5.02
16.05 25.20 37.63 5.00 7.52
20.05 25.20 49.98 5.00 9.99

Der’rsW C= 62.441-1 .374E-3*T -271 .818E-WTA2 + 194.093E-9TA3

Uncetifnty ofthe Standards Weight#-
Temperature: +/-

Density +1-
Time +/- (

/wcapted Tolerance +/- 0.01 GPM

statistical Info. Xbar
b T (GPM)

3.;7 13.366 15”00 2.160 0.61

standard
Calculated Uncertainties uncertainty

(GPM)
0.003

PASS Calibration? YES
TRANSFER f2QuAT10N: GPM = 0.075

0.1 Ibs
0.40 c
0.06 lbrn/RA3
0.20 sec +

(G%2)
2.72

wrve-fii

uncertainty

(GPM)
0.005

mA -0.~8

page _

calibration date_

Calculated Data

Water

Density
(lb/ftA3)
62.36
62.36
62.35
62.31
62.27
62.27
62.27
62.27
62.27
62.27
62.27
62.27
62.27
62.24
62.24

BNF-003-98-0221
Revision O

Volume Volume
Flow Flow
(W3/rnin) (GPM)
0.00 0.00
0.04 0.32
0.08 0.61
0,12 0.91
0.16 1.21
0.16 1.21
0.12 0.91
0.08 0.62
0.04 0.31
0.00 0.00
0.00 0.00
0.04 0.31
0.08 0.60
0.12 0.90
0.16 1.20

500.00 Qseclsec)

SEE
(mAA2)
0.0087

fixed

uncertainty

(GPM)
0.000

—of_

Curve Fit
Ouput

(mA)
3.99
8.21
12.16
16.13
20.15
20,18
16.16
12.31
8.10
3.99
3.99
8.14
12.05
16.07
20.03

MSE
(mAA2)
0.0007

total

(GPM)’
0.005

Figure F15. Pre-test Calibration Data of Magnetic Flowmeter Q2

Error

(mA)
-0.01
0.01
-0.03
-0.04
-0.03
0.00
0.04
0.04
0.01
-0.01
-0.01
-0.01
0.03
0.03
-0.01

Error

(GPM)

-0.001

0.000

-0.C02

-0.003

-0.002

0.000

0.003

0.003

0.001

-0.001

-0.001

-0.001

0.003

0.002

-0.001

.
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TR-3562UNCERTAINTY ANALYSIS
REF. WSRC-TR-91-106

Calibration Data

Meter Water Water Time Mass
Output Temp Waight Duration Flow
(mA) (c) (Ibs) (rein) (lbs/min)
3.97 24.60 0.00 0.00 0.00
7.97 25.60 51.79 5.00 10.36
11.96 25.20 103.40 5.00 20.67
16.08 25.40 125.52 4.00 31.36
19.98 25.70 124.58 3.00 41.48
3.98 25.80 0.00 0.00 0.00
8.01 25.90 52.35 5.00 10.47
12.00 25.90 103.82 5.00 20.75
15.97 25.90 124.28 4.00 31.05
20.03 25.90 124.64 3.00 41.55
3.98 25.70 0.00 0.00 0.00
8.11 25.70 53.48 5.00 10.69
12.04 25.80 104.44 5.00 20.87
15.99 25.80 124.75 4.01 31.13
20.05 21.70 125.64 3.OQ 41.87
3.98 23.00 0.00 0.00 0.00
7.97 23.00 51.92 5.00 10.37
11.96 22.90 103.69 5.00 20.73
15.97 22.70 124.62 4.00 31.13
19.92 22.70 124.36 3.00 41.43

Density G= 62.441-1 .374E-3*T - 271.818E-8”TA2 + 194.093E-9’TA3
7.4805 gallons = 1 ftA3

Uncertainty of the Standards: Weight+/- 0.1 Ibs
Temperature +/- 0.40 C

Density +/- 0.08 lbnVftA3
Time +/- ( 0.20 sac +

Accepted Tolerance: +/- 0.05 GPM

Statistical Info. Xbar
b n T (GPM) (G%2)

3.;82 3.208 15.00 2.160 2.50 46.80

standard curve-fit
Calculated Uncertainties: uncertainty uncertainly

(GPM) (GPM)
0.007 0.02

PASS CALIBRATION? YES
TRANSFER EQUATION: GPM = 0.3113 mA -1.2370

pay= _ Ot_

calibrationdate

Calculated Data

Water Volume Volume

Densitv Flow Flow

Ob/ftA~) (ftA3/min) (GPM)
62.25 “ 0.00
62.23 0.17
62.24 0.33
82.23 0.50
62.23 0.67
82.23 0.00
82.23 0.17
62.23 0.33
82.23 0.50
62.23 0.67
62.23 0.00
62.23 0.17
62.23 0.34
62.23 0.50
62.29 0.67
62.27 0.00
62.27 0.17
62.27 0.33
62.27 0.50
62.27 0.67

500.00 nsedsec)

SEE
(mAA2)
0.0056

fixed
uncertainty

(GPM)

0.00

0.00
1.25
2.48
3.77
4.99
0.00
1.26
2.49
3.73
4.99
0.00
1.29
2.51
3.74
5.03
0.00
1.25
2.49
3.74
4.98

Curve Fit

Ouput
(mA)
3.98
7.98
11.95
16.07
19.98
3.98
8.02
11.99
15.88
20.01
3.98
8.11
12.03
15.98
20.11
3.98
7.98
11.97
15.98
19.95

MSE
(mAAp)

0.0004

total
unceti}nty

(GPM)
0.02

Error

(mA)

0.01
0.01
-0.01
-0.01
0.oo
0.00
0.01
-0.01
-0.01
-0.02
0.00
0.00
-0.01
-0.01
0.06
0.00
0.01
0.01
0.01
0.03

Error

(GPM)
0.004
0.002
-0.002
-0.002
-0.001
0.001
0.003
-0.004
-0.005
-0.008
0.001
-0.001
-0.002
-0.004
0.020
0.001
0.003
0.004
0.003
0.009

Figure F16. Pre-test Calibration Data of Magnetic Flowmeter Q3
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