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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 Labora~ory 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 was made of seven
316 stainless steel sintered metal tubes. Each was a nominal-rated O.I-micron filter with
an inside diameter of 0.375 inch, an outside diameter of 0.5 inch, and a porous length of
40 inches. 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 {he
number of tubes was expected to change. &Iowever, prior to the issuance of this report,
the dimensions of the filter elements were changed to an inside diameter of 0.5 inch and a
porous length of 90 inches. Therefore, the results presented herein must be considered in
light of those changes.]

The filter was tested with a simulated nuclear waste of Tank 241-AN-107, which is
referred to as an envelope C waste. The recipe for the simukmt was developed by the
Waste Process Technology section of SRTC and the simulant was made by TFL
personnel specifically for thiq task. The supematant portion of the simukmt contained
soluble organics, had a pH = 12, and had polarities of sodium, nitrates, and nitrites, of
approximately 6.8 M, 3.0 M, and 1.1 M, respectively. To the supematant were added
insoluble solids to” simulate entrained solids in the real waste. The particle size

. distribution was designed to be bimodal; one group ranged from 1 to 2 microns and the-
other ranged from 5 to 10 microns. Finally, to this slurry three precipitating agents were
added Sodium Hydroxide, Strontium Nitrate, and Sodium Permanganate, which raised
the pH to approximately 14. After all the additions, the insoluble solids loading started at
2 wt% and then was eventually raised to about 38 wt% during the test. The total solids
ranged from as low as 19 wt% for post-washed slufiy to as high as 50 wt% for the pre-
washed slurry. At 25°C and a solids loading of 2 wt%, this slurry had a density of
approximately 1.27 ghnL, a viscosity of 4 cP, and Newtonian theological characteristics.
However, as the solids loading increased a yield stress WX. present. At the highest
loading the slurry rheology showed time dependent characteristics of a thixotropic fluid,
e.g., certain paints, inks, and foods like ketchup. The flow conditions for the test varied
as follows: Axial slurry velocities ranged from 9 fth to 15 fth (2.7 rrds to 4.6 mk) and
transmembrane pressures ranged from 30 psid to 70 psid (207 kl?a to 480 kpa) at a
temperature of 25”C.

--
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The results showed a good filtrate flux and separation. Under the optimum flow
conditions of a slurry velocity of,1 1.6 ft/s and a transmembrane pressure of 56 psid (3.5
m/s and 386 kPa), the observed filtrate flux was consistently greater than 0.05 gprdftz (2

Iprdmz). However, only a filtrate flux between 0.01 gpm/ ft2 and 0.02 gpm/ ft2 could be
maintained as the insoluble solids loading increased above 14 wt%; at no time did the
filter plug from a slurry cake build up. To free the filter surface of the slurry cake, a
backpulse volume of only 0.036 gal/ftz (1.17 liters/mz) was needed. This filtrate volume
leads to a lost flux of 0.0012 gprdftz (0.05 Ipndmz) for a backpulse frequency of 30
minutes. Finally, for all test runs the measurable amount of insoluble solids in the filtrate
was insignificant.

4
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NOMENCLATURE

AN107
BNFL
DF

DIF
DOE

Y
i .d.
LAW

P

I-JO
nominal

RPP -
o.d.
SRTC
SrfTRU

T

To

TFL
TMP

TR ‘
TTR
v
WPT
WSRC
XF

Department of Energy Hanford Site Tank 241-AN-107
BNFL, Inc. (Design Authority)
Decontamination Factor: (Slurry Molarity / Filtrate Molatity)iO~x

Deionized and Filtered (0.2 micron) Water
United States Department of Energy

Shear Rate, see-l (Rheology Parameter)
Inside Diameter
Low Activity Waste

Dynamic Viscosity, cP, (Rheology Parameter)

Consistency or Plastic Viscosity, cP, (Rheology Parameter)

The word “nominal” for a filter rating is a vague term because its meaning
is manufacturer dependent. 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.I-pm 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 (Design Agency - part of WSRC)
Strontium/Transuranic

Shear Stress, dynes/cmz, (Rheology Parameter)

Yield Stress (Shear Stress at Shear Rate= O), dynes/ cmz, (Rheology

Parameter)
Experimental Thermal Fluids Laboratory
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 (Design Agency – part of WSRC/SRTC)
Westinghouse Savannah River Company (Design Agency)
Cross-flow Filter

--



Pilot scale X-flow: EnvC+ES+Sr/TRU Page 8 of 256 BNF-O03-98-0226
Revision O

LIST OF FIGURES

This list only includes those figures in the body of this report. The figures in each of the
appendices are listed at the beginning of each appendix.

Figure 1. Schematic of the Pilot-scale Cross Flow Ultrafiltration Test Facility
Figure 2. Pilot-scale Cross Flow Ultrafiltration Test Facility
Figure 3a. 7-tube bundle of a nominal rated 0.1 micron filter, 3/8” 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
Figure 4. Approximately 150X of two different pore size rate Mott filters
Figure 5. Cross-flow Filter Housing
Figure 6. Cross-flow Filter in Test Rig
Figure 7. Main Mixing Tank for the Experiment
Figure 8. Envelope C Simulanh Supernate Only
Figure 9. Envelope C Simulanh Solids Only – 0.5 wt%
)?igure 10a. Pre-test Insoluble Solids Distribution by Volume
Figure 10b. Pre-test Insoluble Solids Distribution by Number
Figure 11. Long-term settling volumes of insoluble solids and precipitant
Figure 12. Settled solids in simulan~ Envelope C+ES+Sr~RU precipitant
Figure 13. Flow curves for Newtonian and Bingham fluids
Figure 14. Fitting a Bingham theological model to data from the end of run 1.08
Figure 15. Solids settling rate in simulanh Envelope C+ES+Sr/TRU precipitant
Figure 16. Filtrate flux irnmdlately following a backpulse
Figure 17. Axial pressure drop vs. axial velocity of water in the cross-flow filter .
Figure 18. Filtrate flux vs. axial velocity of water in the cross-flow filter
Figure 19. Reynolds Vs. axial velocity of water in the cross-flow filter
Figure 20. Normalized TMP vs. filtrate velocity in the cross-flow filter
Figure 21. Test matrix as stated in a modification to the test specification
Figure 22. InsoIubIe solids in the slurry and the fdtrate throughout the test
Figure 23. Particle size based on a volume distribution
Figure 24. Particle size based on a number distribution
Figure 25. Reduction of sodium with successive washings
Figure 26. Filtrate density vs. sodium during washing.
Figure 27. Filtrate viscosity vs. sodium during washing
l?igure 28. Oxalate changes in the filtrate during the test
Figure 29. Separation of several ions from the slurry
Figure 30. Initial water runs
Figure 31. Final water run L17 before chemical cleaning
Figure 32. Cleaning run 1.18 with 1 M NaOH
Figure 33. Final Water Run 1.19, after chemical cleaning
Figure 34. Composite of all 18 low solids concentration test runs
Figure 35. Effect of slurry circulation time on filter flux performance
Figure 36. Pre-wash dewatering from 2 to 22 wt% insoluble solids
Figure 37. Composite of all 7 high solids concentration test runs
Figure 38. Pre-wash steady state slurry run at 22 wt% insoluble solids
Figure 39. Pre-wash steady state slurry run at 14 wt% insoluble solids
Figure 40. Pre-wash steady state slurry run at 14 wt% insoluble solids: Run 1.12
Figure 41. Post-wash plugging run from 18 wt% 38 wt% of insoluble solids
Figure 42. Beginning of the post-wash plugging run: 18 wt% of insoluble solids
Figure 43. End of the post-wash plugging run: 38 wt% of insoluble solids

-.

.-. — .TJF,% ,<: “’w . .?.= —., . . . . . . . . . . . . . . . . . . . . . . . Qi-wrtlms-.m?-t!.’ . c -/ ~ -,.,..,.. ,.>.. . ... . . , ./. ;,---- -----



Pilot scale X-flow: EnvC+ES+Sr/TRU Page 9 of 256 BNF-003-98-0226
Revision O

1NTRODUCTION

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 stabi Iization, 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 of radioactive 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 specification (2, 3, 4) to design and test a pilot scale cross-flow filtration system.
With initial documentation in place (5, 6, 7) 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 (WPT) section of
SRTC to represent the waste in Hanford Tank 241-AN-107 (8, 9, 10). This waste, along
with other complexant containing wastes, is referred to as Envelope C. Even though the
simulant was made during this task, the recipe was taken only as input. How well this
simulant matched the actual waste is beyond the scope of this task and not addressed.
Finally, to this simulant several compounds were added to simulate the step of
precipitating Strontium and Transuranic constituents (11). At the beginning of this task
the total make-up of the complex slurry was not totally known, however, enough
information did exist to begin work by modifying an existing test rig and getting the
appropriate approvals to insure its safe operation (12, 13, 14). Previous work (15, 16, 17)
assisted in guiding the plan of this task. With the test rig modifications complete a test
procedure (18) was written, and due to last minute changes to the slurry makeup and
equipment changes, additional operational instructions (19) were issued to keep the task
running smoothly. On completion of this test a preliminary set of results (20, 21) were
sent to BNFL in advance of this final report.

Envelope C simulant was the second in a series of two that would be used in this task.
This report deals solely with this second simulant to evaluate a cross-flow filter. The
first evaluation (22) was for a simulant representing the waste in Hanford Tank 241-AN-
105, called Envelope A.

The chosen filter was manufactured by the Mott Metallurgical Corporation to meet the
required specification (2, 3, 4):

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’)

--
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and the test rig was modified to meet the required specification (2, 3):

Maximum recirculation flow of 5 m/s (16 ftis)
Maximum transmembrane pressure (TMP) of 80 psid
Maximum recirculation flow to be achievable at the maximum TMJ?
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 as follows:

Arrival of the filter from Mott - February 19, 1999.
Shakedown activities began – March 1, 1999
Envelope A simulant test was done – May 12 to July 26, 1999
Entrained solids recipe for the envelope C simulant was approved – July 26, 1999.
Pr&cipitant recipe was approved and issued – August 17, 1999
Simulant supernate was made on Sept. 3, 1999
Permission was received from BNFL to begin testing – Sept. 28, 1999.
Simulant with entrained solids and precipitant was made – Oct. 5, 1999.
Test was completed – Dec. 16, 1999.

--
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EXPERIMENTAL

Equipment

In general, the equipment assembled for this task was done to conform to the Test
Specification (2, 3, 4). 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 (15). 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 stainless steel.

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. It was made of primarily* 1.5-inch sch40 pipe,
which has an inside diameter of 1.610 inches.
[*Some sch10 pipe was used, which has an inside diameter of 1.682 inches.]

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, It
was made of pnmaril y* 0.5-inch tubing with an inside diameter of 0.43 inch.
[*The pipe from the filter housing to the backpulse piston was 1.0 sch40 pipe, which
has an inside diameter of 1.049 inch.]

3. Cleaning loop, which enables the cleaning of the filter in place without having to
remove the slurry from the test rig by correctly orienting two 3-way valves (V7 and
V12). This loop has an internal volume of approximately 15 liters. It was made of
1.5-inch sch40 pipe, which has an inside diameter of 1.610 inches.

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 initial] y set at 3Ainch 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 (15). However, during the test with Envelope A simulant (22),
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. .
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Figure 2. Pilot-scale Cross Flow Ultrafiltration Test Facility
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Even with this volume a backpulse frquency of 30 minutes would cause an
insignificant reduction in mean filtrate flux of 0.0012 gpm/ft2.]

2. The recirculation loop is part of the shrry loop (by Using Vdw V6) and is used to
better control the slurry flow.’ The recirculation loop helps to increase mixing and to
maintaih the slurry weI1mixed when 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:
V13:
V14:
V15:
V16:
V13:
V17:
V18:
V19:
V20:..,..,.-

Drains slurry from the test rig .

Isolates the sIurry reservoir from the pumps
Controls the slurry flow upstream of the fiker and isolates the
slurry loop from the pump
A11OWSliquid to be introduced to the slurry reservoir
AI1OWSslurry to be samples (not used for this test)
Recirculates slurry to the reservoir
Directs either sIur@ (cleaning fluid) to the filte~ 3-way valve
Used for the same functions as V3 but for the cbning loop
Drains the filtrate loop

.

Drains the cleahing loop
Controls the slurry (cleaning fluid) flow downs~eam of the filter
Directs ei~er slurry (cleaiiing fluid) from the filte~ 3-way vaIve
Directs filtrate to the sampIe 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 t~ pressurize the backpulse piston
Shuts filtrate flow from the baclqxdse piston
D*ts either filtrate to the sarnpIe port or back to&e slurry Ioop; 3-way valve
Vents the test rig >’
Allows filtra~ to bfiass the backpulse piston
Allows cpolaht flow to the cooling coil in the slurry, reservoir
Allows cooI~t flow throu@ the cooling coil’in the cleaning fluid reservow ..... -.*----. . .

.
To circulate slurries ‘rindliquids t.$etest rig and r&ingtank were se~iced wi& five
TEEL s@inIess steel centrifuged pumps:

. Materials -. .–..’. ....
‘ Location” ‘Model hp Housing
l.SIurry LOOp” 2P392. 3 304SS.-
2.Slurry LOOP 2P392 3 304SS
3.S1urry LOOP. “ 2P392 3 ‘304sS ‘
4.C1eaningLoop 2P392 3 304SS
5.Mixing Tank 1P701B % 304SS

Shaft Impeller-Sleeve,,,. ~ seals
.. . “ .,

304ss ‘ ;303ss ‘;
. .

. ,~>$@@W&.*&itJ- ; ,, s‘< ~~~
XMW - ~303S,S-’”~”,-.j@ap@/Cer@fliton ‘, . ‘- .; .’ -,::.
304SS 303SS ‘ 5’G@phitiKeqUnic./Wton , -~-;#i
304ss” 303ss GmphiteCeramic/Wton ‘ “ : .
304SS 416SS ~~Gmphite/Ceramic/Viton

.,

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

-.
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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 when using
the Sr/TRU precipitation simulant. 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., l/2-inch O.D.
Number: 7 tubes

The unit which was received fi-om Mott met the requirements, see Figs. 3, 4, 5, and 6.
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. Besides, the stainless steel sintered surface has
a fairly robust construction. Figure 4 shows an enlargement of two different pore-size
filter elements, 0.5 and 100 microns. (Mott did not have a picture of a nominal rated 0.1
micron filter but stated that the appearance is identical to the larger sizes.) The tube
housing, Figs. 5 and 6, was made 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 6. 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 (foregr@ in Fig. 3b) was able to pass through the housing and separated the
slurry side of the f16w 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.

r ——— . . . -—.——. .... ...——. .——.—.. .. . .—.— —-,, x I
. L:. ..’ ,. ;~(,

..- ,. ac+-...—..-–-—” ‘A--x- ------ –. + .

, =.. ~;

! ~~~ “7j
.-.=-----..—..,-_...—.-...---..,.

L*’,, . ... . . -,: ~=.
,- ..> .. .. . —-, —, --=_’”,-—.

,. . –....--’.” .“. .’,.,—..— . . .. ... . . . ---
... . . ——. .. . . ...__

Figure 3a. 7-tube bundle of a nominal rated 0.1 micron filter, 3/8” id., %“ o.d., 40” long
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Figure 3b. Upstream view of the seven-tube bundle

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

Figure 4. Magnified views (approximately 150X) of surfaces of two different pore-size
rated Mott filters (the number to the left of each figure is the pore-size rating in microns)

. ... . . . . ... .-.. —- -... . .-. ,. ..., .- !----- 77-. .. -,,. -, ~.,__ . . . I
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Figure 5. Cross-flow Filter Housing

Figure 6. 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. 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.]

2. The mixing tank (MT) was a separate 110-liter plastic tank. It served to make the 75-
Iiter 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 7 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.]

[*a separate 340-liter tank, with its own agitator and heater, was used when the 618-liter
batch of simulant had to be made.]

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

“em r ToTest Rig

Fwnel
c+ V24

V25
Q* V23

Mixing Ak

Tank

V21

+

.-

V22
Drain

Figure 7. 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 1.2 to 1.3”C,
6 Variable capacitance pressure transducers with accuracies* from 0.05 to 0.40 psi, and
3 Magnetic flow meters with accuracies* from 0.012 to 0.26 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 (<0.1% reading)
and was not included in the values above.]

Figure F1, Appendix F, shows two tables which list all those 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 Envelope C test did not begin until September
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. Near the end of the Envelope A test (22), and before the Envelope C test, on 7/14/99,
another filtrate flowmeter was added (Q3; No. TR-03562). 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 gpm/ft2, respectively. This new range is above the
expected flux range for the simulant slurry, however, it is useful to measure the higher
fluxes with just wat& and for the slurry fluxes immediately after a backpulse.

From Figs. 1, F1, and F2 the location and the usage of each instrument can be
determined, however the following list will better describe the placement and 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 indicate pressure-line locations
as well as their heights.

‘P1 – 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 magnetic flowmeter located at the filtrate line between the exit of the backpulse
piston and valve V16 to measure the filtrate flowrate (Oto 1.2 gpm).
Q3 – A magnetic flowmeter located at the fikrate line between the exit of the backpulse
piston and valve V16 to measure the filtrate flowrate (Oto 5 gpm).

Measurement Uncertainty

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

Slurry Velocity in a Filter Tube = V &8.09 ~0
Transmembrane Pressure = TMP *1.1O%
Temperature Corrected Filtrate Flux’= Fc ~ 11.69 %
Permeability = P & ~~.74 %

These number are based on a pre- and post-test calibration of the instruments.

Simulated Waste Slurrv

Beside’ the cross-flow filter, the most important aspect of th$s“experiment was the $urry
used to simulate a Hanford Site waste. The waste that was simulated is referred to as
Envelope C + ES. Envelope C are radioactive wastes that include that of tank 241-AN-
107 from the Handford Site, which is made up of organic and other complexants. The ES
refers to the Entrained Solids contained in that tank. The simulant used for this task was
cold (non-radioactive), but chemically it was made as close as was known to actual
waste. The actual sirnulant development is beyond the scope of this task and not
elaborated here. However, the following information was used to make the simulant.

..——..-. ——... . ,...,... , ~ ..>. ...,- -- ... ,., -

-- .
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Transition Metals and Completing agents

Compounds Formula Cone., PPM M

Calcium Nitrate Ca(N03)2.4H20 2083 1.1 8E-02
Cerium Nitrate Ce(N03)3.6H20 98 3.o1 E-o4
Cesium Nitrate CSN03 14 9.58E-05
Copper Nitrate lCU(N03)2.2.5H20 I 66 I 3.78E-04
Ferric Nitrate [Fe(N03)3.9H20 7315 I 2.42E-02

ILanthanum Nitrate ILi~(N03)3.6H20 I 85 I 2.61 E-04
Magnesium Nitrate lMg(N03)2.6H20 158 I 8.21 E-04
,,--------- Al.,-_-J_ 1.,--,- ,,l,. A I .-. ” . ..rn.

,----- . . ....=.- 1 1 .,. 1------.
l’lTA9 [Na2EDTA 4343 I 1.56E-02

1, ,--7. 1 .,. A,
t 6.21 E-03,,--, - I-leu I /+ I ZY4

CAAI II Gluconate 2349 , .-r-r~-v~
: Acid 16112 1.98E-01
,cid 5648 3.59E-02
iacetic Acid 341 2.38E-03

,...,Jacetic Acid 3613 2 fr9F.n9

m+. 9A-I H3B03 120
NaCl lor-
K1-,r 47

Need
Mass, g

2.779
0.131
0.019
0.088
9.758
0.113
0.211
1.619
0.233
2.096
3.675
0.011
0.165
0.153
5.794
1.727
3.134

21.494
7.535
0.455
4.820
0.160
1.452
0.235
9.737
0.071

Need, g
[n separate container mix the following Fill the container with water I 200[

Add Formula Cone., PPM M Need, g
Sodium Hydroxide NaOH 15047 5.02E-01 20.073
Aluminum Nitrate “AI(N03)3.9H20 3211 1.14E-02 4.284

2658 9.33E-03 3.546~Sodium Phosphate lNa3P04.12H20 I
Sodium Formate NaHCOO 9401 1.84E-01

H

12.541
Sodium Acetate NaCH3CO0.3H20 1418 1.39E-02 1.891
Sodium Oxalate Na2C204 752 7.49E-03 1.004
“(EDTA=Ethyienediiminatetraacetii Acid DisodiumSalt Dihydrate)

.(l-lETDA=N-(2-Hydroxyeihyi)ethylenedaminetriaceticAcid))

Mix thoroughly and dilute to the mark.

The final addition of water would be= ~grams
(grams based upon a density of 1.334 g/mL)

IFinal Weight, grams I 1334.00~ (2.93 Ibs.)

,. .

Figure 8. Envelope C Simulant: Supemate Only

--
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A recipe for the simulant stipemate, Fig. 8, and one for the simulant solids, Fig. 9, were
obtained from the WSRC Waste Processing Technology group. Each recipe is shown on
a per-liter basis. The test was to use a batch of approximately 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 liters. The extra space was
needed for foaming if it had occurred.)

Envelope C Entained Solids I

Approximate Supernate Volume

Approximate Supernate Density
Approximate Supernate Mass

At 0.5 kvt% solids loading

Total Mass Supernate + Solids

Compo~nd
Name

Alumina .
Calcium Phosphate, tribasic
Chromium Oxide
Ferric Oxide
Ferric Oxide
Manganese Oxide
Manganese Oxide
Sodium Aluminosilicate
Sodium Oxalate
Sodium Carbonate Monohydrate
Sodium Fluoride
Sodium Sulfate De@_hydrate

1000.0 mL

1.334 g/mL
1334.0 grams

6.70 grams

1340.7 grams

Compound Concentration Needed
Formula g/100g solids grams

A1203 5.10’%. 0.34
Ca3(P04)2 0.109’0 0.01
cr203 ().AO~o 0.03
Fe302: 1-2 micron 2.LIOyo 0.16
Fe302: 5-10 micron 2.40yo 0.16
Mn02 1-2 micron 1.Ssyo 0.10
Mn02: 5-10 micon 1.5570 0.10
Na20A1203(Si02).25 H20 1.60% 0.11
Na2C204 34.20% 2.29
Ns2C03.H20 32.30Y0 2.17
NaF 5.oo% 0.34
Ns2SO4.1OH2O 4.10’% 0.27

Sodium Phosphate Dodecahydrate Na3P04.12H20 9.30’%. 0.62

Total 100.00’%0 6.70

Figure 9. Envelope C Simulant: Solids Only – 0.5 wt%
[Combinedwith the Sr/TRU precipitant the total insoluble solids began at 2 wt%]

Along with the recipe for the. solids, Fig. 9, the particle size distribution was specified:
the particles were to have a bimodal distribution, with the small-size range from 1-2
microns and the large-size range from 5-10 microns, Fig. 10. Therefore, all the solids
indicated in Fig. 9 were purchased to that specification. [The last six compounds in Fig.
9 do not indicate size because they were all expected to dissolve to some degree, where
the size would have changed anyway. .They were purchased at the smallest size
commercially available without special grinding requirements. The first three

--
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compounds had been previously purchased for the Envelope A test (22) and had a size of
0.5 to 5 microns that was deemed acceptable for this test.] Before adding the solids to
make the slurry, BNFL 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 9/27/99, a slurry was made of
distilled and filtered water with the appropriate solids, in the proportions shown in Fig. 9;
the sample was submitted to determine the solids distribution. A volume distribution,
Fig. 10a, and a number distributions, Fig 10b, were obtained by Microtrac on 9/28/99 and
sent to the customer by facsimile transmission. On the same day the approval to begin
testing was obtained.

Pal-t”cleSizeAnd@ Mss5muti laB=.! oz. y&w p&s: ~o$2

Pre-test solids AMlyeis P vat% m

Envelope C Entrained Solids in’
w = 41PI 10%.1.W4 w%.4a7 &cm E4% 4M2ml=1.$86zQ%-i442m%.siltstn?44%720$

Distilled and Filtered (O. 2 micron) Water ma. 2.2%?w%. ts47 ao%.4.w2
~.sA’27 XW.6A4S

---- w,%=msz
%CH.4N

volume Dlscribucion 12:*l-.—

.n=-
IM.O I I I I t Illtl I I I I illll= t I I I 11141 I 1 1111111
WJJ

Z&o

70.0

So.o

SOB

40.0

20D

10.0
t

0.160

20.n
Ian
16.0

14B

Iia

10.0

8.0
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4.0

m

0.0
1.002 10.00 Iwo 1000

Figure lOa. Pre-test Insoluble Solids Distribution by Volume
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Figure 10b. Pre-test Insoluble Solids Distribution by Volume
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An important feature in preparing the simulant used in this experiment is the creation of
precipitant, which will also be part of the treatment of the real waste. With this addition
the simulant is referred to as Envelope C + ES + Sr/’TRU. The general steps in making
the precipitant were as follows:

1.

2.

3.

4.

5.

6.

7.
8.
9.

A fixed amount of Envelope C supemate (7 M Na+) was made ready, as listed in Fig.
8.
The supemate was agitated and its temperature was increased to 50°C&50C. These
conditions were maintained while all additions were made.
The appropriate amount of insolube solids, Fig. 9, was added and the mixture was
allowed to mix for 10 to15 minutes before the next addition.
166.7 ml of deionized and filtered water per liter of the 7 M Na+ supemate were
added. (This was done to reduce the sodium molarity to 6 M) The mixture was
allowed to mix for 10 to 15 minutes before making the next addition.
55.6 rnL of 19 M NaOH solution per liter of 6 M Na+ supemate were slowly added
and then the mixture was allowed to mix for 10 to 15 minutes before making the next
addition.
90.5 mL of 1 M Sr(NO& solution per liter of 6 M Na+ supemate were slowly added
and then the mixture was allowed to mix for 10 to 15 minutes before making the next
addition.
60.3 mL of 1 M NaMnO1 solution per liter of 6 M Na+ supemate were slowly added.
The agitated mixture was then maintained at 50°C&50C for 4 hours.
,Finally, the mixture was cooled to 25°C for the test to begin.

.

The above mixing procedure was followed, as per the test specification (4, 11).
However, there was one deviation made. Because of expected difficulties in handling
and fully incorporating the 19 M NaOH solution into the mixture, the water addition of
step 4 was used to make a more dilute mixture of NaOH. Tha~,is; steps 4 and 5 were

‘combined to make 216.2 mL of 5.3 M NaOH solution per liter of the 7 M Na+ supemate.
This solution was then added to the 7 M Na+ supemate before doing step 6. ~he
developer of the slurry simulant, WPT, believed that this deviation would still result in
the targeted Sr/TRU mixture.] The resulting mixture was estimated to have 5.89 M,
0.075M, and 0.05 M, of sodium, strontium, and manganese, respectively. Subsequent
measurements of those quantities confirmed those values. (See the filled square symbols
on Figs. E16, E17, and E1O in Appendix E). Note that the color of the mixture changed
while making the solution. The supemate started at a deep caramel color, a color similar
to a cola drink. The addition of the clear NaOH solution did not seem to have any effect
on the color but the clear strontium nitrate solution caused the mixture to turn a light
brown. When the deep purple sodium permanganate solution was added, the mixture
turned a dark brown once again, but not as dark as the original supemate color.

Because of the important interactions among the solids particles and the different
precipitant, solids could not be simply added to the slurry to increase the solids
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concentrations. Therefore, when the time came to run the test with a higher concentration
of insoluble” solids and precipitant, i.e., near 20 wt?io, a large batch (618 liters) of slurry
had to be made. This batch was then reduced to approximately 50 liters by dewatering
through the filter, and had a measured insoluble solids content of 22 wt~o. The volume
was subsequently increased to 75 liters by returning some of the filtrate, reducing the
solids content to 14 wt%, because the thick slurry caused pump and temperature
problems in the test rig.

In general, the resulting slurry had significant precipitant, and depending on the level of
dewatenng, the precipitant occupied considerable volume. After the filtration test the
heights of settled solids in several samples were measured. Figure 11 shows the
approximate volume occupied by the insoluble solids and precipitant.

I AN-1 07 Simulant Settled Solids
100’?401 1 1 I I m-

,

801%
●

s
o 60%

E
=

O 400/.
>

I 20% += I I I I I

o%~
0’%0 20?40 4070 60Y. 80% 10070

[nsoluble Solids /TotaI Solids, vW%

. Pre-wash Slurry ■ Post-wash Slurry
I

Figure 11. Long-term settling volumes of insoluble solids and precipitant

The ordinate of Fig. 11 is simply the height of the solid/supemate interface in a straight-
walled container multiplied by the cross sectional area of that container. The abscissa is
the wt% of insoluble solids divided by the wt% of the total solids in a sample. It must be
noted that the measurement was made on sampIes that were sitting around for a couple of
months. A similar test (23), with fresh simulant, indicated that the settling volume is
larger, but reduces to the volumes indicated in Fig. 11 within several days of fabrication.

Figure 12 shows several samples of the slurry in Nalgene ‘containers that were drawn
during the test. (Note: the solids concentrations indicated in the figure were estimated
when the picture was taken. Subsequently, the actual amounts were measured; they

were: 1.9 wt~o -> 1.8 wt%, 9 wt% ->8.75 wt%, the 15 wtyo -> 14.3 wt%, the 20 wt% ->
22.1 wt%) With the centimeter scale in the center of the figure, the numbers in Fig. 11
can be roughly verified, once the total solids loading is known. Those, and other
pertinent numbers, are shown below.

--
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Figure 12. Settled solids in simulant: Envelope C+ES+Sr/’TRU precipitant
photograph was taken on 12/7/1999]

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

Slurry Density:

Pre-washed -1.29 g/mL at 2 wt% insoluble solids, 36 wt% total solids
Pre-washed -1.36 ghnL at 9 wt% insoluble solids, 41 wt% total solids
Pre-washed -1.39 ghnL at 14 wtYo insoluble solids, 44 wt% total solids
Pre-washed -1.47 g/mL at 22 wtYo insoluble solids, 49 wtYo total solids
Post-washed -1.15 g/mL at 18 wt% insoluble solids, 19 wt% total solids
Post-washed =N/A ghnL at 38 wt% insoluble solids, 41 wt% total solids

Slurry Rheology
-Newtonian* at the lowest insoluble solids concentration (2 wt%) and

changes to a pseudoplastic* at the higher solids concentrations.
(See Figs, El and E2 and the explanation below on Bingham* fluids)

Slurry Viscosity/Consistency* (Yield Stress* is in parentheses):

Pre-washed - p = 4 CPat 2 wt% insoluble solids
Pre-washed -PO= 7.4 CPat 9 wt’%insoluble solids (To= 3.4 dynes/cm2)

Pre-washed - WO= 11.6 CPat 14 WWJinsoluble solids (To= 9.2 dynes/cm2)

Pre-washed -PO= 23.4 CPat 22 wt% insoluble solids (To= 55.4 dynes cm2).-

*See the discussion on the next page of the theological terms

. ....— —. .. .. .. .. . . ..,-.-.,,, .,, ,=., .,. . ?Z.Z-.T.>T,.. ,.}..-<---m ., ,-,. . .. —. —.. —. I
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Post-washed - ~ =4. 1 CPat 18 wt% insoluble solids and 19 wt% total solids

(To= 22.0 dynes/cm2)

Post-washed - ~”= 24.0 CPat 38 wt% insoluble solids and 41 wt% total solids

(To= 684.0 dynes/cm2)

Filtrate at 34 wt% soluble solids:
Density -1.27 g/mL, ~ = -3.2 cP, Sodium [Na+] Cone -5.9 M

[Discussion of rheology terms (24): For the 5 out of the 6 slurry solids loadings show
above, the slurry did not behave as a Newtonian fluid and therefore the concept of
viscosity changes. The bottom curve in Fig. 13 represents the. characteristics of a
Newtonian fluid model. That is, the fluid shear stress, z, is directly proportional to the
fluid shear rate, y.

Shea

T
‘co

1/

NewtonianFluid

\ tan-lp

Shear Rate, ‘)1

Figure 13. Flow curves for Newtonian and Bingham fluids

Generally the quotient of the ratio of dy, in simple shear flow, is a constant defin&l as the
dynamic viscosity, p. Fluids that” do not follow this &odel are referred to as non-
Newtonian. The siirmltiit used is this task, at elevated. insoluble solids loadings, has the
theological properties of a thixotropic fluid, or a pseudopkstic fluid where the properties
are time dependent. A pseudoplastic fluid in known for its shear-thinning properties
which means that there is a reduction in viscosity as the rate of shear increases in a steady
shear flow. For certain pseudoplastics the theological properties change with time. A
close look at the curves in Figs. El and E2 (in Appendix E) show hysteresis, which
indicates the time dependence. However, for engineering purposes the theological
Bingham fluid model captures most of the salient features of the slurries. The top curve
in Fig. 13 shows the Bingham fluid model. The model, ~=(~- zo)/y, is the same as for a
Newtonian fluid except that there is a yield stress; a finite shear stress when the shear rate
is zero. That is, a finite stress, Zo,needs to be overcome before a fluid begins to move.

A Bingham model has two constants, Toand ~, instead of the single dynamic viscosity,

W,of a Newtonian fluid. The shear stress at zero shear rate is TO,and ~ is referred to as
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consistency, or plastic viscosity. These two constants completely define a Bingham fluid
and these are the values given above for the slurries above 2 wt~o in insoluble solids.

160

20

.
_ T&55.4 dyleslan~ !

p,#23.4 CP

I 4

0 50 100 150 200 250 300 350
ShearRate,1/s

1 . IncreasingShearRala . DecreasingShearRale— Mngham~el

Figure 14. Fitting a Bingham theological model to data from the end of run 1.08

To see how well the Bingham model fits one slurry sample, Fig. 14 shows the results of
sample taken just as run 1.08 was completed. It had an insoluble solids loading of 22
wt% and a total solids loading of 49 wt%.]

.Finally, a question was raised “asto how fast the precipitant settles (25, 26). Several
slurry samples were mixed well and placed in straight-walled glass vials to obtain a more
accurate measurement of the settling volumes. Figure 15 shows the change in the volume
of the space occupied by solids with time under the action of gravity alone. Once again,
that volume is determined by the height of the slurry/supemate interface multiplied by the
cross-sectional area of the contdneq therefore, the volume is really a mixture of the solid
particles, the liquid within the particles, and the liquid between the particles.

AN-107 Simulant - Solids Settling Rate
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Figure 15. Solids settling rate in simulant: Envelope C+ES+Sr/TRU precipitant
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Test Procedure/Matrix

Details of the test matrix and procedure that were carried out can be found in the Test
Procedure (18) and the accompanying Operational Instructions (19), which are also listed
in the task notebook (5). However, to faci Iitate understanding the general operation of
the test, the procedural steps are summarized below (see Fig. 1 for valve locations):

Daily pre-test activities –
1. Equipment is turned on to warm up if not already on.
2. The equipment was checked for functionality and after each of the four liquid-filled

pressure sensing lines (see Fig. F2; Appendix F) 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. Begin circulating the slurry in the recirculation loop until the temperature reached

25”C.
4. Turn on the reservoir cooling coil.
5. Allow the slurry to flow through the cross-flow filter.
6. Set the appropriate flow conditions as per the test procedure by iterating between

valves V3 and V11.
7. 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.
8. Set the DAS to read every minute.

I
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Figure 16. Filtrate flux immediately following a backpulse
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9. 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 item 1 of
the Test Rig description, the volume of plenum was 0.036 gallon/ ft2; therefore, the
recovery time at 0.3 gpm/ftz was approximately 0.036 / 0.3 x 60 = 7 seconds. A flux
of 0.3 gpm/ ft2 was taken because that was close to the filtrate flux right after a
backpulse, Fig. 16.]

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 (with 0.01 M NaOH), equal to the volume in the test rig (-75 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 is equal to the

volume of water that was put in. (Slightly 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 fo<each wash run until finished with all wash runs.
15. End the test run.

Daily testing activities for post-wash dewateting/plugging test run –
@30Steps 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.

Shakedown

Part of the test matrix of the Envelope A test, which was completed in July 1999, was to
clean the filter, and the test rig, with 1 M nitric acid, followed by a water rinse (22). This
was the state of the test rig and filter to begin the Envelop,e, C test. However, before
beginning any test with any simulant, the test rig (’Ill) 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 (0.2 micron) water (referied 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 DIF water rinses, until the water returned crystal clear. During

--
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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 flow rushes past
(crosses) 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 velocity 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 slurry 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
DIP water, which contains no solids.

Figure 17 shows 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 results were expected
because a pre-test calculation indicated that the pressure drop at 12.6 ftis should be close
to 4 psid, and it was. The calculation was not straight forward because to determine an
accurate pressure drop involves knowing the several contributions to that drop.

Pilot-ssele Cross-Flow Filtration Water Runs
New Mof10.1 micron FllteK 3/8-!nch I. D.,lt2-inch O.D., 316 SS]

2.00 4.OO 600 8.W 10.00 12.03 14.00 16.00 18.tM 20.00 22.00

Axial Veloclty, ftk

Figure 17. Axial pressure drop vs. axial velocity of water in the cross-flow filter

Figures 1 and 6 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 60% and 70% of the measured drop. Another aspect of Fig. 17 is the grouping

-.
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of several data points for each combination of pressure drop and velocity. For example,
nine points make up the group at 4 ftis of axial velocity. Likewise, the groups of points at
8, 12.5, 16.5, and 20 ft/s of axial velocity are made up of 5, 4, 7, and 1 point,
respectively. The different points. within a group correspond to a changing system
pressure at the filter. That pressure was increased three fold from approximately 5 to 16
psig, which resulted in filtrate fluxes from approximately 0.1 gpm/ftz to 0.5 gpm/ftz.
This result means that the changing system pressure had an insignificant effect on the
axial pressure drop.

The effect of system pressure on filtrate flux at a fixed axial velocity is apparent in Fig.
18. 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
0.52 gpndftz. This limitation existed because the expected filtrate flowrate of slurry was
to be between 0.02 and 0.2 gpm/ftz. Therefore, a flowmeter was calibrated to accurately
measure that target range. However, it did limit measurement with water. Near the end
of the Envelope A test (22) another meter was installed to measure u“pto 2.2 gpndftz but
it wasn’t available during shakedown.
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Figure 18.

What is interesting
velocity increases.

Filtrate flux vs. axial velocity of water in the cross-flow filter

in Fig. 18 is that for a constant TMP the filtrate flux decreases as the
This is understood when considering that a cross-flow filter is really

only useful when there is something to filter. That is, when filtering a slurry, solids fo&
a filter cake, which creates resistance to filtrate flow. As the slurry velocity increases
more cake is sheared from the surface, thus allowing more filtrate to flow. However,
when no solids exist in the liquid only the fluid dynamics affect the flow. As can be seen
in Fig. 19 the increase axial velocity leads to an increase in the Reynolds number.
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Figure 19. 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. 19 is to show the intensity of turbulence. As turbulence
increases the laminar sublayer decreases, the inertial sublayer is created and then
increases, and the scale of energy dissipating eddies become increasingly smaller (27).
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 Iaminar
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. 18. However, an attempt was made to collapse those curves into a single
curve to be more useful by normalizing TMP with the axial pressure drop versus
normalizing filtrate velocity with the axial velocity . Figure 20 show the results of that
attempt.

I Pilot-scale Cross-Flow Filtration Water Runa
[New Mott 0.1 mkron Filter 3/3-?nchI.DW 1~-lrrch 0.D9 316 SS]
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Figure 20. Normalized TMP vs. filtrate velocity in the cross-flow filter
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RESULTS AND DISCUSSION

General

The different phases of the test matrix that we shall discuss are: initial water baseline, low
solids concentration, pre-wash dewatering, high solids concentration, slurry wash,
plugging, water rinse, final water baseline (without chemical cleaning), cleaning, and
final water baseline. After a discussion on some of the analytical and washing results, a
discussion of the hydraulic results will follow that chronological order with the exception
of the water and cleaning runs. Those runs will be given together in order to show any
lasting effect of the slurry on the filter medium and thereby have a clear perspective of
the test runs. The test matrix (4) was:

‘‘: Test Specification Target Values ~:~::
Run(1) , ~ Duration Slurry Velocity TMP , jCondition

!’ j minutes fvs psid ~-]
1.00 j’ ; 120 12.2 10.20.&30 t-i Water
1.01 f “1 120
1.02 ;“’j 120
1.03 : ; 120
1.04 i ! 120

1.11
1.12

1.16

12.2
9.1
15.2
15.2
9.1
12.2

best(2)
best
12.2
9.1
15.2
15.2
9.1
12.2
tia
nla
n/a
n/a
best
tia
12.2
da

. .
50
30
70
30
70
50

best
best
50
30 “
70
30
70

50
n/a
nla
tia
n/a

best
n/a
20
n/a

‘Low Solids Concentration

Low Solids Concentration

...
1.19 {(i 120 12.2 10,20,&30 !;] Water

(1) This is the matrix as it was modified on 10/18/99 by BNFL
(2) The word ‘bestM refers to the best fiitrate flux obtained in the preceding runs
(3) Distikd and filtered (0.2 micron) water was used

Figure 21. Test matrix as stated in a modification to the test specification (4)
.,

Test Run Sequence and Nomenclature

As will be explained in the following sections there were some deviations from the Fig.
21. The largest change was the modification to the test matrix made on 10/18/99 by
BNFL, as requested by DOE. By that date, all of the low concentration runs were already
done. However, those runs, i.e., 1.01 to 1.07, were repeated before run 1.08 began. The
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runs that were made before the mid-test change are referred to as (old), e.g., 1.0 l(old).
All other deviations that occurred were to better understand the filter operation during the
test. For example run 1.Ola(old) was done to have three data points at the same flow
conditions to determine if the filter performance was degrading as the slurry aged in the
test rig. Test runs 1.04(old), 1.05(old), and 1.07 were repeated to better evaluate “best”
conditions. The repeat runs numbers are followed by the letter “a”, e.g., run 1.0 la(old).

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

Filter Effectiveness

One goal of this task was to determine if the nominal rated 0.1 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 10 compounds and
6 metals (Al, Ca, Cr, Fe, Mn, and PJa), with Sodium being the quantity largest by mass,
and Sodium Oxalate, which was the largest compound by mass (Fig. 9). Based on a
sample analysis (Fig. 10), the particle sizes purchased for the solids ranged from
approximate y 1 to 10 microns. From the filtrate results in Fig. 22 it is app~ent that the
filter removed all the solids.

Total Solids, wt% Insoluble Solids, wV.

Test Run Slurry Slurry(1) Filtrate
1.00 (water) not measured <0.002
Pre-wash 44.1 14.3
Wash 1 32 15.3 0.015 (2)
Wash 2 24 16.4 <0.0”001

Wash 3 20 17.5 not available
Wash 4 19 18.5 <0.0001
1.19 (water) 0.014 <0.0001
(1) Wash values were estimated from pre- and post-wash values ..
(2) No solids were visible when the sample was drawn. However,
during the 1 month before the sample was tested a small amount
of precipitant formed causing this non-zero result

Figure 22. Insoluble solids in the slurry and the filtrate throughout the test

The insoluble solids filtrate value for Wash 3 is not shown because the sample became
contaminated. The amount of solids that was measured for’ the water runs is shown to
indicate the state of the test rig before and after the test. All measured quantities can be
found in Appendix E. 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
23 shows that the particle diameter (by a volume distribution analysis) remained at
approximate y the same size throughout the test, i.e., a bimodal distributions with
averages of 1.5 microns, for the small-size, and 5.5 microns, for the large-size. The
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standard deviations from these averages” were on the same order of magnitude as the
particle diameters. This was expected since the two different particle sizes were
purchased to be between 1-2 microns and 5-10 microns. However, the largest number
particles were closer to 1 micron. When analyzing the particles by a number distribution,
Fig. 24, the mean particle size is very close to 1 micron, with one standard deviation
being 0.3 micron. In general, the particle sizes did conform to the required sizes and
those particle sizes remained basically intact throughout the experiment. The complete
set of Volume and Number distributions can be found as Figs. E24-E30 in Appendix E.
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Figure 23. Particle size based on a volume distribution
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Figure 24. Particle size based on a number distribution
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Washed Slurry

After all steady state test runs, the slurry was ready to be washed. At the end of run 1.14
there were approximately 75 liters of slurry in the test rig, containing about 14 wt% of
insoluble solids and 44 wt% of total solids, see Fig. 22 (pre-wash). The wash runs were
done in four 75-liter batches. However, the full 75 liters could not be put in the slurry
reservoir all at once. (A completely full reservoir and test rig holds approximately 136
liters.) The slurry reservoir was filled with 40 to 50 liters of wash solution to start and as
the filtrate was removed from the test rig the remaining solution was added. Samples
were drawn when the washed slurry was with 5 liters of the original 75 liters. The wash
solution was distilled and filtered (0.2 micron) water with a little bit of sodium hydroxide
added, ie., 0.01 M NaOH, as per BNFL direction. This process was repeated until 300
liters of wash solution were used.

* Sodium *
One of the major reasons for washing is to reduce sodium content. Figure 25 shows the
Na+ reduction. Point number 1 was the sodium concentration, 6.5 M, of the pre-washed
slurry (containing 14.3 wt% of insoluble solids). Point number 2 shows the sodium
concentration, 5.5 M, of the pre-washed filtrate. Numbers 3 to 6 show the sodium level
after each batch of 75 liters of water was added to the slurry reservoir that held
approximate] y 75 liters of slurry.

+ Sodium Concentration Change From Washing +

Pilot-scale X-Flow, Env. C + ES+ SriTRU

1 1 1r 1

+

I I I
I I I + I I

1 2 3
Number

4 5 6

[Skm@=Pre-wask Filtrate:2. Pre-wash,3.Washl, 4.WaslQ, 5.Wash3, 6.Wash4]

Figure 25. Reduction of sodium with successive washings

The line of points in Fig. 25 from number 2 to 6 is fairly straight on the semi-log scale,
which was not unexpected. Figs. 26 and 27 show how the filtrate density and viscosity
changed as the sodium level decreased from approximately 6 M to 0.2 M.
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Effect of Washing on Filtrate Densitv
Pilot-scale X-Flow, Env. C + ES + Sr/l%U
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Sodium, Mdarity
0.1

Figure 26. Filtrate density vs. sodium during washing

Effect of Washing on Filtrate Viscosity
Pilot-scale X-Flow, Env. C + ES + Sr/TRU
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Figure 27. Filtrate viscosity vs. sodium during washing
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* Oxalate *
A chemical that may have had an impact on the changes in solids loading was the
chemical compound of oxalate. As seen in Fig. 9, approximately 34% 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 Iargest problem. The simulant was designed such that
the added oxalate would remain in an undissolved form. To do this the liquid portion of -
the simulant, the supernate, was to be saturated with sodium oxalate before adding the
solids.
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+ Odate Concentration +

Pilot-scale X-Flow, Env. C + ES + Sr/TRU ~
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1 2 3 4 5 6 7 8 9 10
Number (see legend)

Figure 28. Oxalate changes in the filtrate during the test
[Note: Except for nos. 1,4, and 10 all oxalate values are from the filtrate]

However, Fig. 28 implies that for the low solids concentration slurry (Numbers 2 and 3 in
the Fig. 28) most of the oxalates in solid form dissolved. The oxalate concentration in the
filtrate was between 0.017 M and 0.023 M; the sodium concentration was 5.9 M.
Number 1 is the value of the oxalate concentration from all its sources in the slurry, 0.023
M, and of this amount 0.005 was already included in the supemate. Therefore, it seems
that the supemate was not fully saturated with oxalate. The value of number 4, i.e., 0.14
M, is the amount of oxalate in the slurry for all test runs starting with run 1.09. The
oxalate values for numbers 5 through 9 are from the filtrate samples that came from the
slurry with this higher oxalate concentration before washing. However, the supemate of
the slurry before washing should have still been saturated at the 0.023 M level; the
saturation level may have been a little different because in concentrating the slurry the
sodium level increased to 6.5 M. Therefore, the oxalate concentration could only
increase as the saturation level increased during the wash runs. Looking at the results
from all the wash runs (numbers 6 to 9), the oxalate in the supemate does increase as
more and more water is added, but it showed a maximum of 0.087 M on the second wash.
Afterwards, the concentration decreased on the third and fourth wash runs. Note that all
4 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., 6 to 9, may not be from a mixture in
equilibrium. The oxalate value in the slurry at the beginning of run 1.15 was 0.024 M,
shown as No. 10 in Fig. 28. (After 4 washes, this slurry was basically water and
insoluble solids. In fact, Fig. 22 shows that the total solids in the wash 4 slurry only
differed from the insoluble solids by about 1 wt%.). The slurry sample that gave the
result as number 10 was taken the day after washing; just before run 1.15, the plugging
run. This may indicate that the slurry was not at equilibrium on the preceding day.
Sitting overnight may have allowed the slurry to come to equilibrium. On the other hand,
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it is more likely that most of the oxalate was removed from the slurry during the wash
and a small amount of oxalate remained, which dissolved overnight.

*Decontamination*
As already mentioned, the simulant for this test was made to represent the radioactive
waste. Whenever possible non-radioactive isotopes of radioactive elements were used. It
is of interest to see how well the precipitation and filtration separated various chemical
species. Figure 29 shows a composite of several chemical species in the slurry and in the
filtrate. The ordinate is a ratio of the slurry molarity to the filtrate molarity for selected
ions, and will be called a decontamination factor (DF). The results came from one filtrate
sample and oiie slurry sample. The filtrate sample was from run 1.07(01d); the final
steady-state run with the low concentration of insoluble solids, 2 wt%. The slurry sample
was from the slurry used just before the dewatering, run, 1.08; that is, it was taken just
before the simulant at 2 wt% of insoluble solids was concentrated.

The slurry simulant had many components and complexant interactions. It is beyond the
scope of this task to explain the chemical interactions of the slurry but some observations
of the chemical and mechanical separations are possible. From Fig. 29 it is immediately
obvious that the main contributors to the precipitation have the highest DFs, i.e., DF = 69
for Sr and DF = 187 for Mn. Iron, which was 5% of the mass of the solids, Fig. 9, had a
DF of 22. Lanthanum, representing the TRU waste, had a DF = 20. Calcium and copper
had DFs close to 2. Finally, phosphate, sulfate, nickel, and aluminum remained in
soluble forms and therefore little or no separation was measured, DF = 1.
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Figure 29. Separation of several ions from the slurry

For further information on the concentration of the many species in the simukmt slurry,
see Appendix E. All the analytical data taken and graphical results for many of the
chemical concentrations can be found behind Table El in that appendix.
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Hydraulic Test Results

Water Test Runs 1.00, 1.17, and 1.19 and the Cleaning Run 1.18
[See Appendix A for the entire set of data sheets.]

Permission to stall the test was received on 9/28/99 and testing began on the same day
with the first required test: water, run 1.00. As explained in the shakedown section, the
added filtrate flowmeter allowed fluxes above 0.5 gprdftz to be measured. However, the
two highest TMPs indicated in the test matrix, Fig. 21, could not be obtained, i.e., 20 and
30 psid. With a clean filter and all three pumps operating, and with the axial filter
velocity of 12.3 ftis, the highest TMP obtainable was approximately 18 psid. Figure 30
shows the results for run 1.00. Five runs were made from 3 to 17.7 psid. At highest
flowrate attainable the TMP was 17.7 psid, which may be the reason the filter flux
fluctuated. These results are compared to the final water runs to determine if the filter
could be returned to its initial condition.

BNFL Pilot-scale X-flow Filtration Test hb. 1.00 (f-QO): Errv. C + ES + Sr/’TRU

tv = 12.34.2 ~s. T = 25”C. Transmtirane Pressures are listed below]

1.6
(28/29/30 September 19991
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Figure 30. Initial water runs

Figure 31 shows the results of the water run, 1.17, just after the slurry test. Run 1.16 was
done to rinse the filter and test rig with distilled and filtered water. To make sure that it
was rinsed well, eight batches of 50” liters of water were used at several different flow
conditions. Each batch was run for approximately 30 minutes. However, the 400 liters
water did not return the filter filtrate flux back to its initial values. Both water test runs
(1.00 and 1.17) had the same axial velocity of 12 ft/s. Comparing Fig.31 data to the high
TMP data set in Fig. 30 there was an order of magnitude difference in the filtrate fluxes.
Run 1.17 was then followed with a cleaning run of 1 M NaOH, run 1.18.

--
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BNFL Pilot-scale X-flow Filtration Test No. 1.17 Env. C + ES+ Sr/TRU

[V= 11.7 ftk, TMP =21.1 psi, T =25°C]
[13 December 1999]
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Figure 31. Final water run 1.17 before chemical cleaning
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Figure 32 show the results of the cleaning run. To explain the data in the figure the
filtrate flux curve can be broken down into different phases of active cleaning, when the
cleaning solution was circulated tlqough the filter. The cleaning was done over three
days. During the first two days the 1 M NaOH cleaning solution was isolated in the
cleaning loop, which limits cleaning to the filter and its immediate filter leg, Fig. 1.
Cleaning began at the end of the day on 12/13/99 and the solution was circulated for
about 4 hours. The tight cluster of data on the left-hand side of the graph, from Oto 250-.
minutes, were taken at 1 minute intervals.

.
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BNFL Pilot-state X-flowFiltratiar Teat No. 1.18 Errv.C + ES+ SrlTiVJ
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Figure 32. Cleaning run 1.18 with 1 M NaOH
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Theentire next day, 12/14/99, wasdedicated to cleaning. Thelarge jump infiltrate flux
at the 250-minute mark was probably due to “passive” cleaning which may have occurred
from the filter being submerged in the cleaning solution overnight for approximately 15
hours. The cleaning continued on that day for about 9 hours and the data were acquired
at a frequent y of 15 minutes, from 250 to 800 minutes. At about 600-minute mark the
filtrate flux no longer increased with time and therefore it was assumed no further filter
cleaning would occur. Therefore, on the final day, 12/15/99, the cleaning solution was
allowed to circulate throughout the entire test rig. The immediate drop in filtrate flux on
this last day was probably due to the solids that remained in the entire test rig, ie.,
pumps, slurry reservoir tank, recirculation loop, valves, etc. After two backpulses the
filtrate flux began to return. The cleaning was stopped and the rig was readied for the
final water run 1.19. Figure 22 shows that the test rig was free of solids from a sample
taken during the final water run.

.

Acid cleaning was effective but after approximately 95 hours of Envelope C slurry
circulation there seemed to be some permanent losses of filtrate flux. Figure 33 shows
the results from the final water run 1.19. Once again, as for run 1.00, at an axial filter
velocity of 12 ft/s with water, the highest TMP indicated in the test matrix, Fig. 21, could
not be attained, even with all three pumps running. To have three data sets with water, a
TMP midpoint between 10 and 20 psid was chosen; it turned out to be 15.9 psid. A
comparison between the two final water runs, run 1.17 and 1.19, Figs 31 and 33, indicate

that at a TMP of 21 to 22 psid the filtrate flux increased from 0.13 gprn/ft2, to 1.1

gpm/ft2. However, comparing the final water result to the initial water result indicates a
loss in filter performance. At a TMP of 11 psid, Fig. 33 shows a filtrate flux of about

0.42 gpm/ft2, which is only 60% of the initial water result of 0.7 gpm/ft2 from run 1.00.

At a TMP of 16 psid, Fig. 33 shows a filtrate flux of about 0.7 gprn/ft2, which is 70% of

the initial
.

water result of 1.0 gpm/ft2 at a TMP of 15 psid from run 1.00.

BWL Pilot-scaleX-flowFiltrationTest NJ. 1.19 (!-EO):Env. C + ES + SrrTRU

P= 12.1 f@ T = 25°C Transwmbrane pressures are r~ted belOWl . .
[15/16 Oecember 1999]
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Figure 33. Final Water Run 1.19, after chemical cleaning

--



.

Pilot scale X-flow: EnvC+ES+Sr/TRU Page 44 of 256 BNF-O03-98-0226
Revision O

Low Solids Concentration Test Runs 1.00 to 1.07
[See Appendix Bforthe entire setofdata sheets.] “

Included inthisseries of test runs were 14planned and4unp1anned runs [1.04a(old),
1.05a(old), l. Ola(old), and 1.07a]. This series of runs comprised the largest amount of
data taken. The reason why there were 14 planned runs [1.Ol(old) to 1.07(old) and 1.01
to 1.07] is because just as the low concentrations runs were being completed BNFL
requested a change of the test matrix order, as requested by DOE, to improve the
statistical design of the matrix. Therefore, the first 7 runs were repeated and both sets
were planned.

Figure 34 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 since run
times differed because of many reasons. In general, the values for the filtrate flux given
in the graph are averages over the time of the test. Note that the there is a “Duration”
time and a “Backpulse” time, shown in the table. The former is the total time for which
the specific test was run. The latter is the. approximate time between successive
backpulses. The average filtrate fluxes given in table are based on the time between
backpulses, which usually was close to the two hours requested by the test specification
(3, 4).

Also included in Fig. 34 is the measured solids loading. For these runs, samples were
only taken during run l.Ol(old) and 1.07(old). The numbers in the table are the measured
results. For the other 16 runs those two measurements were simply rounded off and
repeated since the solids loading should not have changed between run 1.01 and 1.07.
This is the reason why the “-” symbol is shown before all of those numbers. Even
though runs l. Ol(old) through 1.07(old) were repeated, new samples were not taken.

From Fig. 34 it would,appear that the flow conditions of number 1 [run l.Ol(old)], i.e.,
V=12 ft/s and TMP=56 psid, gave the highest filtrate flux. (These same conditions gave
close to the highest filtrate flux in a previous test, with a different simulant, when the
filter was new and relatively clean. See Fig. 25 of Ref. 22.) A close second are the runs
of numbers 5,7, and 9, with an axial velocity of 15 ft/s andTMP=31 to 55 psid. They all
had a filtrate flux of 0.07 gpm/ft2, or better. Note, the error bars that bound each data
point on the graph are based on the measurement uncertainty determined in Appendix F.
Further, as was shown from the Envelope A test (22), the filtrate flux is not as strongly
affected by TMP as it is by the slurry velocity. However, direct comparisons are made
difficult by the effect of filter, or slurry, degradation with time. From the database
several examples could be used to study degradation, but the test runs done at an average
set of flow conditions of V=12 ft/s and TMP = 52 psid, had the largest number of data
points.
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BNFL Pilot Scale X-flow, Env. C + ES + Sr/TRU

Comparison of Low-Solids Concentration (2 wt%)
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Figure 34. Composite of all 18 low solids concentration test runs

Figure 35 shows the average filtrate fluxes from five test runs [i.e., l. Ol(old), 1.06(old),
1.Ola(old), 1.01, and 1.06]. The curve and equation in Fig 35 are from a least squares
best fit of the data. Over the 35 hours of slurry circulation through the filter the filtrate
flux decreased by approximately 60%. Therefore, during the period of each test, which
had durations of approximately 2 hours, the filtrate flux would degrade by approximately
[1-exp(-O.0151 x 2 hours)] x 100% = 3% (see the relation on Fig. 35). This 3% is a
permanent loss of filter performance until it can be cleaned. The time shotin in Fig. 35 is
from the end of each completed test. That is reason the first data point begins just after 2
hours.
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BNFL PiloI-scafe X-Flow Filtration Test
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Figure 35. Effect of slurry circulation time on filter flux performance

Considering the effect shown in Fig. 35, then the general trend shown in the graph of Fig
34 makes sense. That is, independent of the flow condition, the overall trend’ of the
filtrate flux data is to decrease with time. The data shown in Fig. 34 are in chronological
order, as can be verified from the table shown below the graph. The conclusion here is
that results can only be compared which are close to each other in time, if statements of
superior flow conditions are to make sense. To reiterate, due to the 3’%0 filtrate flux

degradation, time must be considered when making comparison among the test runs. The
test was designed to have a 2-level, 2-factor, full-factorial 2-centerpoint matrix, but this is
confounded by a degradation time factor. However, because of repeat runs there is
sufficient information to perform a meaningful statistical analysis of the data (e.g. using a
linear model, Filtrate Flux = ~[v, ‘IMP, (V)(TMP)]). Unfortunately, because of the
measurement uncertainty in the factors, the analysis is complicated by the errors-in-
variables and is beyond the scope of this report. In lieu of a statistical analysis,
quantitative statements can be made on test runs that are in chronological close
proximity. That is, since the measurement uncertainty for the temperature corrected
filtrate flux is 11. 7%, which is mentioned in the Experimental section of this report (also
in Appendix F), the 370 filtrate flux degradation is insignificant between runs that are less
than 8 hours apart.

Figure 34 implies that the highest slurry velocities were the best for obtaining the highest
filtrate flux and the TMP played a much smaller role. For number 1, 2, and 3, within
measurement uncertainty, all TMP values for a slurry velocity of 12 ft/s were the same.
The same result is seen when comparing numbers 13 and, 14 at 15 ftis. Comparing
numbers 7 and 8 at an average TMP of 54 psid, the reduction of slurry velocity from 15
ft/s to 12 ft/s had a significant reduction in filtrate flux. The same can be stated for
numbers 6, 7, and 8 at an average TMP of 53 psid where the filtrate flux increased with
increased slurry velocity; the largest increase occurring when the velocity increased from
6.8 ft.h to 14.8 ftls. The trend in clear: the higher the slurry velocity the higher the filtrate
flux. An increase in TMP also leads to increased filter performance but the increase is

— —-. ---- . . —.-— ..-
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barely significant. Itappears thatgood perfomance can reachieved iftheslumy velocity
is maximized while keeping the TMP at low to moderate levels, i.e., -30 to 50 psid.

Concentrating (Dewaterin~) Test Run 1.08 (Pre-wash)
[See Appendix C for the entire set of data sheets.]

Before the seven (pre-wash) steady-state high solids-concentration test runs were to be
done, the slurry had to be dewatered to obtain the desired solids concentration. Because
of the Sr/TRU precipitant, the slurry solids concentration could not be increased by
simply adding more solids. That is, a large slurry volume of 2 wt% insoluble solids
slurry was needed to be dewatered to a concentration of 20 wt%. Therefore, run 1.08
started with a batch of 618 liters of fresh simulant with a 2 wt% insoluble solids
concentration. That batch was then dewatered for approximately 29 hours to a volume of
50 liters, resulting in a concentration of 22 wt% of insoluble solids. (The total solids
increased from 36 wt% to 49 wt%.)

I

BNFL Pilot-scale X-flow Filtration Test M. 1.08 Env. C + ES + SrfrRU

N = 14.8 WS,TMp = 38.8 psi. T = 25°G Bac@ulse Every 20 minutes]
[30 MN -1 Dec 1999]
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Figure 36. Pre-wash dewatering from 2 to 22 wt% insoluble solids
[Datapoints near Ogpm/fi2are whenthe flux was interruptedduring backpulsing]

Figure 36 shows the operation of the test rig throughout the dewatering process. On
11/30/99 from 03:40 to 09:30 hours a batch of618 liters of simulant was made. After
preliminary checks on the test rig were made, and after approximately 100 liters of this
new simulant were placed in the rig, the dewatering test run began at 09:53 hours that
same morning. The rest of the 500 liters of simulant was kept well mixed in a large
separate tank and was periodically added to the test rig as the dewatering allowed. The
backpulse overpressure was set to 40 psid and then the test began with an initial
backpulse. The flow settings were: slurry velocity of 15 ftis and a TMP of 48 psid. After
approximate y 1 hour the filtrate flux dropped to 0.07 gprn/ftQ; therefore, an-other
backpulse was made. At that point the backpulse frequency was set to every 1300
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seconds (-21.7 minutes), with a 10 second hold time, in order to maintain the flux high.
A high flux was desired to minimize the dewatering time. At 12:30 hours the data
acquisition was slowed from 1 reading per minute to once every 15 minutes, and it
continued at that rate until 14:30 hours, when the rate was increased to once every 5
minutes so that the backpulse data point could be captured. During most of the run the
flow conditions were maintained at a slurry velocity of 15 ftls and a TMP of 48 psid.
However from about 12:30 to 14:00 hours the conditions dropped to 10 ft/s and 16 psid,
which caused the filtrate flux to drop to 0.04 gpm/ft2. At 14:00 hours the original flow
conditions were reestablished and the flux increased to 0.06 gpm/ftz. (Note: the lower
TMP shown in Fig. 36, i.e., 38 psid, was the result of all the backpulse data points
lowering the average.) By 07:00 hours the following morning, on 12/1/99, the slurry
volume was reduced to approximate y 130 liters and therefore was completely contained
within test rig, which had a capacity of 135 liters. It took another 5 hours to reduce those
130 liters to 50 liters, when the slurry reached an insoluble solids concentration of 22
wt%. At that point the filtrate flux was close to 0.01 gpm/ftz.

The magnitude of this highest solids concentration was good, but the test runs could not
be sustained. As will be explained in the next section, the thick slurry created problems
in the test rig. The pumps developed leaks because of seal failure and the thick slurry
prevented good mixing in the reservoir tank, causing large temperature gradients. The
slurry temperature slowly increased and eventually exceeded the test specification of a
maximum of 30°C.

High Solids Concentration Test Runs 1.09 to 1.14 (l?re-wash)
[See Appendix C for the entire set of data sheets.]

After the dewatering test run, 1.08, there were seven steady-state runs, 1.09/1.10, and
1.09 to 1.14, that were to have a concentration as close to 20 wt% of insoluble solids as
attainable. Run 1.09 immediately began at the end of the test run 1.08 when reaching 50
liters because the test rig was showing signs of not’being able to handle the thick slurry
for a significant time period, as explained. above. The first high-solids, concentration
steady-state slurry run was 1.09, but the flow conditions of run 1.10 were used because
they were less challenging to the pumps and only two pumps were needed. Therefore,
that run was called 1.09/1. 10. Unfortunately, the test rig had to be stopped after about 35
minutes due to the pump and temperature problems. The flow conditions for that run and
the others are in Fig. 37. ,

Figure 37 is an overall comparison of the all the test runs with the pre-washed dewatered
slurry and the structure of the table is similar to that shown as Fig. 34. The results of
1.09/1.10 are show in Fig. 38. Even though the slurry had a high insoluble solids
concentration of 22 wt%, there was measurable filtrate flux, albeit very low. The flux of
0.01 gpm/ftz appeared to be maintainable, if the test did not have to be stopped because
of pump leaks. After the test was stopped, the seals in the pumps were changed so that
the next run could begin. However, before beginning again, the slurry was diluted with
filtrate to reduce the solids concentration. The slurry reservoir was filled to
approximately the 75-liter level, where the estimated solids concentration was 15 wt%.

--
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Subsequently, an analytical measurement showed the insoluble solids concentration to be
14.3 wt%. With this solids loading the remaining steady-state slurry runs, i. e, 1.09 to
1.14, were done.

.

BNFL Pilot Scale X-flow, Env. C + ES + Sr/TRU
Comparison of High-Solids Concentration (14 wf~~’)
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Figure 37. Composite of all 7 high solids concentration test runs

BNFL Pilot-scale X-flow Filtration Test No. 1.09/1.1 O Env. C + ES+ SrfrRU

w= 9.2 ~s. TMP = 34.6 psi, T = 25”C]
[1 December 1999] [fWe: Actual Slurry Temp = 30”r3]
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Figure 38. Pre-wash steady state slurry run at 22 wt% insoluble solids
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BNFL Pilot-smle X-flow Filtration Test t40. 1.09: Env. C + ES + Sr/TRU

~= 11.8 f!f.?.,TMP=51.9 psi, T =25”C]
[2 December 1999, backpulse every 20 minutes]
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Figure 39. Pre-wash steady state slurry run at 14 wt% insoluble solids
.

Figure 39 shows results for run 1.09, with a backpulse frequency of 15-minutes. The
interval was arbitrary but the backpulsing was found not to be effective because the
filtrate flux decreased within minutes to the value the filter had just before the backpulse.
Therefore, the remaining high concentration runs where done without backpulsing,
except at the start and finish of each run, like all preceding test runs. All the high
concentration runs show similar results and can be found in Appendix C. However, the
best of all the runs, with respect of the filtrate flux, is shown below, run 1.12, Fig. 40.

BNFL Pilot-scale X-flow Filtration Tes I@. 1.12: EIW. c + ES + &flRLJ
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Figure 40. Pre-wash steady state slurry run at 14 wt% insoluble solids: Run 1.12
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From Fig. 37 it can be seen that run 1.11 also had the same filtrate flux, but since it had a
TMP of 69 psid, instead of the 32 psid of run 1.12, then the latter was considered better.
In general, the conclusions of the low solids concentration runs hold here. That is, higher
slurry velocities cause a significant increase in filter performance, while increasing TMP
has a much less significant impact.

Dewatering/P1uEging Test Run 1.15
[See Appendix C for the entire set of data sheets.]

After the high solids concentration runs were completed, the slurry was washed with four
equal volumes of water, each equal to the volume of slurry to be washed, 75 liter, as
already explained. For the pre- to post-washed slurry the solids concentration changed
from 14 wt% of insoluble solids and 44 wt% of total solids to 18 wt% and 19 wt%,
respective y. Run 1.15 used the washed slurry to increase the solids concentration until
the test rig could not concentrate further. The intention was to determine if the filter
would become plugged, and then try to recover from the pluggage. The plugging run
began on 12/9/99 and continued for just over two hours. Figure 41 shows that even with
a relatively high value of insoluble solids, i.e., 18 wt%, the filter performance was very
good. The filtrate flux of 0.08 gprdftz was better than any run thus far. This improved
filter performance is attributable to the very low concentration of soluble solids, i.e., 19
wt% -18 wtqo = 1 wtqo.

BNFL Pilot-scale X-flow Filtration Test No. 1.15: Env. C + ES+ Sr/TRU
~= 14.9 Ws, TfvlP = 30.7 psi, T = 25”C]

[9 Cecenber 1999]
0.10

0.08

0.02

0.00
0 20 40 60 80 100 120 140

llme. minutes

Figure 41. Post-wash plugging run from 18 wt% to 38 wt% of insoluble solids

Basically, the slurry was a mass of hard solids in water. In fact, the filtrate density was
1.009 g/cc at 25”C. However, after the two hours of dewatering and several backpulses
the slurry became very viscous and the temperature was close to 40”C. At that point the
slurry volume was approximately 31 liters. The entire test rig itself takes about 26 liters

-.
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to be filled. That left only a small amount of slurry in the slurry reservoir, which just
covered the suction opening to the pumps. Finally, the slurry became so thick that it
could not drain fast enough into the bottom of the reservoir and the pump suction began
to ingest air, which stopped the filter flow and the test. At no time did filtrate flow stop.
During the dewatering the Bingham plastic theological properties of the slurry changed
from a consistency of 4 CPand a yield stress of 22 dynes/cmz, to a consistency of 24 CP
to a yield stress of 684 dyns/cmz. The final solids concentration was 38 WWO of insoluble
solids and 41 VVWO of total solids.

The run would have been stopped in any case because of the increasing temperature and
leaking pumps. At the en~ all three pump seals had faile~ but because the slurry was so
thick the leaks were almost self contained. Figure 42 shows the slurry just before
beginning the run.

Figure 42. Beginning of the post-wash plugging run: 18 wt% of insoluble solids

Notice the portable mixer and two plastic lines entering the top of the reservoir. Both of
these items were added to help keep the slurry mixed and cool. Unfortunately, these last-
minute additions had little effect because of the very thick slurry. Figure 43 is a picture
of the slurry that leaked out of one of the pumps. The slurry was basically sludge at that
point. It was rigid enough to stand up by itself as can be seen by the layers in the
photograph. The sludge had a ketchup-like characteristic. When poure~ the sludge
remains intact and needs some agitation to flow, e.g., a 250-mL sample was taken and it

.
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would not flow out of the bottle without a lot of shaking. However, once the sludge
began to move it flowed relatively free.

Figure 43. End of the post-wash plugging run: 38 wt% of insoluble solids

Backpulse Frequencv and Filter Fouling

The main focus of this test was to determine an optimum filtrate flow for different slurry-
flow parameters and solids loadings. Therefore the effect of backpulse frequency was not
addressed. For the steady-state solids loading test runs (low-and high-solids
concentrations), backpulsing was specified (3) to be done only at the beginning and end
of each test run (usually 2 hours in length), so that the filter always started from the same
condition. More frequent backpulsing was allowed during the dewatering runs but those
runs were not conducive to optimizing backpulse frequency because of the changing
slurry solids loading. However, the frequency used, 2 hours, is within the
manufacturer’s, Mom recommendation of not more than once an hour. Since the filter is
made from sintered metal with a thickness of 0.0625 inch (1.6 mm), there is a concern of
depth fouling of the filter wall. Once a filter cake is established on the filter wall, the
cake itself does the filtering, preventing particles fi-om entering into the porous-tube
pores. When a backpulse is done, the cake is cleared from the wall, exposing the pores to
the smallest particles in the slurry. Therefore, surface fouling (the filter cake) mitigates
depth fouling. The effect of backpulse frequency was investigated in a preceding test,
which used an envelope A slurry simulant (see Fig. 30 of reference 22). In that test,
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increasing the backpulse frequency by a factor of 90 only doubled the filtrate flux. (The
test compared several backpulse frequencies between 7.5 hours and 5 minutes). It was
found (22) that incr~asing the backpulse frequency increased the filtrate flux. However,
the amount of increase many not compensate the increased frequency of filter cleaning
due to depth fouling. In fact, that test showed that for the 7.5-hour run the filtrate flux
was still above that requiring a backpulse. Therefore, backpulsing only one or twice a
day may be be sufficient for adequate operation. Finally, Figure 35 of this report implies
that with time, even a 2-hour backpulse frequency leads to some depth fouling.
However, since at the end of each 2-hour test the filtrate flux returns to approximately its
original value (e.g. Fig. 39), the predominant mode of fouling is surface fouling.

CONCLUSIONS

The following conclusions are for the nominal rated 0.1 micron MOTT cross-flow filter
that 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 2 wt% to greater
than 38 wt% and for particle sizes measured as small as 0.75 micron.

Slurry Wash
2. Using 4 equal quantities of distilled and filtered water (each quantity equaiing the

volume of the slurry to be washed), the sodium molarity of the filtrate decreased from
6 M to 0.2 M, while the dynamic viscosity decreased from 4 CP to 1 CP and the
density decreased from 1.28 g/mL to 1.01 g/mL. -

Hydraulic Characteristics
3.

.
4.
5.

6.
7.

8.

Filter can be cleaned with 1 M NaOH such that the water flux before and after use
returns to 60 to 7090 ef the initial filtrate flux.
Simple water rinsing is not sufficient to clean the filter.
Higher slurry velocities and higher transmembrane pressures lead to higher filtrate
fluxes. 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 30 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 pressure.
For a low concentrations of insoluble solids (2 wt%), run l.Ol(old), shown in Fig. 34,
gave the best overall filtrate flux of 0.07 gpm/ftz at the conditions of a slurry velocity
of 11.6 ft/s and a TMP -of56 psid. This flux is an average taken over the two hours of
that test. However, run 1.05(old) gave a similar performance at a velocity of 15 ftls
and aTMPof31 psid. /

--
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9. When the insoluble solids of the pre-wash slurry was increased to 14 wt% the filtrate
flux decreased to between 0.01 gpn-dftz and 0.02 gpm/ft2. The best flux was 0.018
gpm/ft2 at a slurry velocity of 15 ft/s and a TMP of 31 psid. ●

10. For the single test run (1.09/1. 10) with an insoluble solids concentration of 22 wt%,
the filtrate flux was maintained at 0.01 gpm/ft2 for approximately 35 minutes. (The
run was stopped due to a pump seal failure and not from a filter pluggage.)

11. The cross-flow filter still functions for the post-washed slurry with an insoluble solids
loading of up to 38 wt%. At that loading the filtrate flux of was approximately 0.02
gpmlftz.

12. Surface fouling of the filter is dominant mechanism of fouling.

13. A backpulse filtrate volume of 0.036 gal/ft2 with a filter overpressure of 31 psi was
found to be sufficient to knock the filter cake off the filter element. At a backpulse

frequent y of 30 minutes leads to a filtrate flux loss of 0.0012 gpm/ft2 rate, which is

only a few percent of the lowest steady-state filtrate flux measured, 0.05 gpm/ft2.

RECOMMENDATIONS

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

1.

2.

3.

4.

5.

Use a slurry axial velocity of at least 12 ftis. Lower velocities significantly reduce
filtrate flux.
Use a transmembrane pressure of 30 to 55 psid. Lower pressures significantly reduce
filtrate flux and higher pressures do not increase the filtrate flux significantly.
Backpulse the filter twice to three times in a 24-hour period of continuous use to

maintain an average filtrate flux of 0.05 gpm/ft2 and to minimize filter cleaning.
Investigations into other types of cleaning methods may lead to a method that returns
the filter flux to better than 60 to 70% of the initial filter flux.

Use a backpulse of 0.036 gal/ft2 to minimize the loss of filtrate flux.
---
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APPENDIX A

EXPERIMENTAL DATA: WATER AND CLEANING

Apoendix Contents
1. Nomenclaturesheet for data tables
2. Experimental data:
Fig, Run Solution
Al 1.00 Initial Water
A2 1.17 Final Water(before cleaning)
A3 1.19 Final Water
A4 1.18 1 M NaOH Cleaning

Done on
9/28-30/99
12/13/99
12/15-16/99
12/13-15/99

General Note: For measurement uncertainties see Appendix F

Special Notes:
a.

b.

c.

d.

e.

f.

The data for every tesfrun 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 those
columns, i.e., Average, Maximum, Median, Minimum, Standard Deviation, and
Number of Points Used (in calculating the 5 statistical quantities).
To calculate those quantities mentioned in the precec@g item; 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 @e individual test run that the
graphs represent, immediately follow the specific figure.
Note that the cleaning run, Fig. A4: Run 1.18, which was done over 3 days, was
performed in different parts of the test rig. From December 13 and 14, only the
cleaning loop was used, Fig. 1, to direct all the cleaning solution to clean the filter.
On December 15 all the cleaning solutions was drained into the test rig proper, (that
is, out of the cleaning loop) to clean the lower portion of the test rig, which includes
the pumps. This is the reason why the filtrate flux drops. On that last day the entire
test rig was operated for two hours with a backpulse made after 60 minutes of
operation. As usual, a backpulse began and ended the test.

--
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Nomenclature For Data Sheets

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

Column
A=

B.

c=

D=

E=

F=

G=

H=

1=

J=
K=

L=
M.

N=

o.

P.

Q.

R=

Heaaing Full Heading . Ex@lanatim

E’

DATE . DATE .; Daylheleslwaedone
TIME . TIME - Timedata enkywasmade

SOLENOID = SOLENOID . ...1 =YSS, O=na for the pressure to the backpulse pistcm
FLTRT[d = FLTRT(deg C)T2 .“- Fdtrate Temperature in Falter at exit of the Filter Hwsing

CL LOOP( = CL LOOP (deg C) T3 .-. Temperature of Liquid in the Cleaning LeoP

SL LCQP ( = SL LOOP (d~ C) T1 ,. ., Temperature of bquid in the S4urry Loop at the Reserveir Tank

UP AMEf (d = UP AMB (deg C) T4 .:2~,Ambient Temperature at the top of the Test Rii - 3fd level

BOT AM8 ( = sOT AMB (&g C) TS :‘< - Ambient Temperature al the fmrtom of the Test Fli9 -1 St level
,.::U

T6 (r&g c) . T6 (deg C) SPARE x: ~Spare Thernwcouple - Currently Not Being Used

SOT DP ( = BOT DP (psid) dP2 , Diflerenlia! Pressure between the Filler Sfuny Entrance and the botlem Fifrrele Exit
FLTR (Pe,g) = FLTR (psig) PI ,;,”- Gauge Pressure at the Filter Slurry Entrance
FLTR DP ( = FLTR DP (psid) dPl ‘-: DifferenlieJ Pressure between the Filter Sturty Enwance and Exit
TOP DP (P = TOP DP (psig) dP3 ~~.-mffere”tiaf pressIJre betwecm the Filter Slurry Exit and the Top Filtrate Exit

.,<.,,:,
FLTRATE ( = FLTRATE (psig) P2 ; $ xGawe pf~sIJfe at the Filter Filtrate Exit

PISTON ( = PISTON (paig) P3 ~.:$ti~Air Gauge Pressure Applied to Back pulse Piston

SL FLOW ( = SL FLOW (gpm) CM #<jFlow Rate of the Skmy Flew

Q2.FLTR F = FLTR FLOW (gpm) Q2 ~$$jFIow Rate of rhe Filtrate Flew frern O to 1.2 gpm .

Q3,FLTR F = FLTR FLOW (gpm) 03 - &<Ffew Rate of the Filtrate Flow from O to 5 gpm

The Idlm”ng columns are calculated results based w the appropriate columns

s.
T.

u.
v.
w.
x.
Y.
z.

AA=
AB= El

Number .Number ~.~IDate numbers which is (usually) equivalent 101 minute sirce ths was the acqtisiiicm fmquemy

Number . Number ky% Data numbers which are eqtrd to w a subset frwn Column S to faclitete graphing of sane date sets

Vel, IUs . Vet. It/s r -:.Adal slurry veloc+ty = [Column P]/ 7.439aVft2 / ~ sadmin I flew area (=0.-69 It?”)
TMP. PSI = TMP. PSI

~>;;?

{

ren?.membrsne Pressure= ([column J] + [Cafumn M])f2
TMP, bar = TMP, bar ~ ~m.mnU]/14.504b@ei

GPW7=T2 . GPMIIT2

GPWFT2 = GPtA$72 at 25°C

I

‘~{[cofumn Q] / inside diam+ter filter surface area (. 229 112””)
,JITest Spat. corracticm factoc [Column W] x exp(25C0 x ((1/(273+@Jlumn T)))-(U298)))

P— = PwJJIAeaJw@r.lwpa> ‘Tfl[cdumn X] / [column U]
Xlooo PERMIABIUTY x 1000 j~[cdumn Zl x 1000

.— = mu.w-wum{~o ~[~.m~xmvemimfador( =~l.Ol&ti*ybr / gprr@kar)

.

“A@ sluny flaw area is based cm 7 pemus lubes with an inside diameter of W3 inch 7 x pi / 4” (0.375 inch / 12 “fiedlr)-’2 = 0.005369 ft2
““Inside diimeler filler swface area for 7 lubes w“th an inside oiameler of 38 inch, 40-itches Ier!l 7 x pi x (0.375 inch) x 40 inches / 144 in%YftA2 = 2.29 IQ
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BNFL Pilot-scale X-flow Filtration Test No. 1.00 (H20): Env. C + ES + Sr/TRU
[V= 12.3 &O.2 ft/s, T = 25”C, Transmembrane Pressures are listed below]

1.6
[28/29/30 September 1999]
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BNFL Pilot-scale X-flow Filtration Test No. 1.00 (H20): Env. C + ES + Sr~RU
@/= 12.3 M.2 ft/s, T = 25°C, Transmembrane Pressures are listed below]

[28/29/30 September 1999]
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Figure Al: Test Run 1.00, Initial Water
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BNFL Pilot-scale X-flow Filtration Test No. 1.17: Env. C + ES+ SriTRU
[V= 11.7 fth, TMP = 21.1 psi, T = 25”C]

[13 December 1999]
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BNFL Pilot-scale X-flow Filtration Test No. 1.17: Env. C + ES + Sr/TRU
[V= 11.7 ft/s, TMP = 21.1 psi, T = 25”C]

113 December 1999]
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Figure A2: Test Run 1.17, Final Water (before chemical cleaning)
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BNFL Pilot-scale X-flow Filtration Test No. 1.19 (i-QO); Env. C + ES + Sr~RU
[V= 12.1 ilk, T = 25°C, Transmembrane Pressures are listed below]

[15/16 December 1999]
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BNFL Pilot-&ale X~flow Filtration Test No. 1.19 (H20): Env. C + ES + Sr/TRU
~= 12.1 ft/s, T = 25”C, Transmembrane Pressures are listed below]

160 ;
[15/16 December 1999]
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Figure A3: Test Run 1.19, Final Water
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BNFL Pilot-scale X-flow Filtration Test No. 1.18: Env. C + ES+ Sr/TRU

[V= 16.8 ftk, TMP = 9.3 psi, T= 25°C]
[13-15 December 1999]
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BNFL Pilot-scale X-flow Filtration Test No. 1.18 Env. C + ES + Sr/TRU
~ = 16.8 fth, TMP = 9.3 psi, T= 25°C]

[13-15 December 1999]
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Figure A4: Test Run 1.18, 1 M NaOH Cleaning

—---

— —. . -$ .—— — -.. m.-..,. .. . . . .. . ,--- .--,. --- -- --



Pilot X-flow: EnvC+ES+Sr/TRU Page790f256 . BNF-O03-98-0226
Revision O

-a

2?
c1.=

.=
z



Pilot X-flow: EnvC+ES+Sr/TRU Page 80 of 256 BNF-003-98-0226—
Revision O

_._.

.

— . .-—--- -—.—. . ,—------ ...- . . . .-—



Run 1.18:1 Molar Nitric Acid Cleaning

w
CD
<*.CA
M.
o
Y
o



Pilot X-flow: EnvCi-ESt&~U Page 82 of 256 ‘ BNF-O03-98-0226
Revision O

.

,<+.,..,.,, z,, ~,.
,., . ,,. C---- : -.,7.,..:,. . . . . . .,-?~?=,-, .? ?. =.- . s.~. ,.

. . . . .
--- ---



Pilot X-flow: EnvC-tES+Sr/TRU Page 83 of 256 BNF-O03-98-0226
Revision O

--



.

Pilot X-flow: EnvC+ES+Sr/’I’RU

.-

Page 84 of 256 BNF-O03-98-0226 .
Revision O

. .

---

-.. . — -., . .. . -—— .-.:--- . .< “..., --- .——. -



Pilot scale X-flow: EnvC+ES+Sr/TRU Page 85 of 256 BNF-O03-98-0226
Revision O

APPENDIX B

EXPERIMENTAL DATA: LOW SOLIDS CONCENTRATION

Appendix Contents

1. Nomenclature sheet for data tables
2. Experimental data:
Fig. Run Solution Done on
B1 1.01 2 wt% Solids 10/20/99
B2 1.02 2 wt% Solids 10/20/99
B3 1.03 2 wt% Solids 10/20/99
B4 1.04 2 wt% Solids 10/20/99
B5 1.05 2 wt% Solids 10/21/99
B6 1.06 2 wt% Solids 10/21/99
B7 1.07 2 wt% Solids 10/21/99
B8 1.07a 2 wt% Solids 10/21/99
On 10/18/99 the customer changed the Test Matrix to further randomize the flow
conditions of the test runs. The 10 test runs below were already complete when the
change was received. Those runs are indicated by the word “old” in the run number and
are included for completeness,
B9a 1.01 (old) 2 wt% Solids 10/05/99 (time in seconds)
B9b 1.01 (old) 2 wt% Solids 10/05/99 (time in minutes)
B 10 1.02 (oId) 2 wt% Solids 10/05/99
Bll 1.03 (old) 2 wt% Solids 10/05/99
B 12 1.04 (old) 2 wt% Solids 10/05/99
B13 1.05 (old) 2 wt% Solids 10/06/99
B 14 1.04a (old) 2 wt% Solids 10/06/99
B 15 1.05a (old) 2 wt% Solids 10/06/99
B 16 1.06 (old) 2 wt% Solids 10/06/99
B 17 1.07 (old) 2 wt% Solids 10/07/99
B18 l.Ola (old) 2 wt% Solids 10/07/99

General Note: For measurement uncertainties see Appendix F

Special Notes:

a.

b.

Run 1.07a was done at the end of the day on 10/21/99 to obtain one more data point
with the slurry axial velocity of 15 fth. Run 1.04 was 15 ft/s at a TMP =30 psid and
run 1.07 was 15 ft/s at a TMP = 70 psid. Previously experience indicated that
increasing the TMP to 70 psid was generally not necessary since most of the benefit
of the high pressure appear to taper off as the pressure goes higher. Three data points
would be needed to facilitate the analysis.
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.

--
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c.

d.

e.

f.

Revision O

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 Permeability decrease with time
and therefore are not normally distributed.
To calculate those quantities mentioned in the preceding item, 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.

Nomenclature For Data Sheets
(See Figure 1: Main Test Rig - Pilot&ale &ss Flow for the lnstrumsrrt Location)

Cdurrk Heting FuII Heading

r

‘“ E@anatkJn

A=

.[ L

DATE . DATE ., Daythataslwasdone

B= TIME . TIME
!
Tii data entry was made

c= SOLENOIO = SOLENOID ~‘ jbyes, 0==: fw thepressuretothebawpufsefis!m
D. FLTRT(de = FLTRT(dq C) 72 ffiHmteTe~pemwre in Filter al eti! of tfw Filter Hwsiw

E= CL LOOP( = CLLOOP (cragC) T3
‘}

TemperatureofUquidin the Cfem”ng Locp

F= SLLOOP ( = SL LOOP (dW C) TI

1

. Temperature of Liquid in the Slurry Leop at the Rasem”rTank

a. UPAMB( = UP AMB (deg C) T4 :.’ Went Temparatwe at the top of the Teat Rii - 3rd level

H= BOTAMB( = SOT AMB (~ C) TS ‘ Ambient Tempmtwe at the bo+to+mof ha Test Rig - let favel

1= T6 (dag c) = T6 (dag C) SPARE ‘.’lSpare The-u@e - CurrenttyNot Bdig Used

J= 130T OP ( = SOT DP (ps”@ dP2 .“

I

Dflerentiaf Preaaure between the Filler Sfuny Entrarce and the bottsm Fkrate t3t

K,= FLTR (psig) = FLTR (Wig) PI - Gauge Pressure at the fiHer Shy Entransa

L= FLTR DP ( = FLTR DP (psi(f) dPl _.

M=

Diiemfltid Pressure between the Filter Ssuny Entrance and Exit

TOP DP ( = TOP DP (psig) dP3 Diierentiaf Pressure between the Filter Shy Exit and the Tep Fiilrate Exit

N= FLTRATE( = FLTRATE(paig)PZ :“”GaugePrm-sureat theFilterFiltrateExit
o= PISTON( = PISTON (psig) P3 . . . Air Gauge PressureAppliedtoSackputsePston
P= SLFLOW ( = SL FLOW(gPm)CM i~~ wte & the St.ny’i%+v

Q= 02,FLTR F = FLTRFLOW (gpm) Q2 ~ Ffcw Rate of the FiMate flow fnxn O to 12 gpm

R= Q3,FLTR F = ‘ FLTR FLOW (gPm) c23 .- Ffmv Rate et the Fiftrate Ffowfmm O to 5 gpm

.

Tfte fd!owfng cefurnns are calwfatad results baaed w the apprc@fste sdamns

s.

1[

Number . = Nurnbar 0 ‘. $:Data rwnbara @&i is (trwsffy) equivalent to 1 m“nute eke this was the asqukii freqwrcy

.-T= “ Numbar = Number >Data nwnbara wtkh are equal to or a sutset fran Cdufnn S to faciitate gmphhg etsune data sefa -

u=” Vel, It/s . Vel, ftk ‘i:]hht Sfm-yvelccity.[cof.mn P]/7.48@/ft2/ EO.5d-nin/ffowarea (=0.0C63&9ttP) “

v. TMP, PSI = TMP, Psl

I

TranarrwmbranaPrassure. [column J]+ [Columnh4J)L2
w. TMP,bar = TMP, bar
x=

‘~[Cc&mmU]/ 14.504bar/psi
GPM/FT2 = GPMfFf2

Y=
‘“ [ColumnQ]/ insti ch-neterfiltersuftam area (= 2.23 It?)

GPWFT2 = GPWFT2 at 25°C tiTast S@& cOrr@”Onfasfoc[ColumnWl Xcs@500 X ((1/(273+@krnm Tl))-@’29B)))
z. — = P—~ :+:[cdumn x] / [Cdur-nn(q

AA. x 10Q3 . iPERMIABIUTYX lWO “.: [Cdunln iq x 1000

AS= .ww.rWallv = —(~ i[carumn ~ x swwaraica factor (. S51.0145 rnrdayfbar / gpnVft2hr)

“Axial slurry flow area is baaed co 7 poreus tubas with an inside diameter of 3% irck 7 x pi I 4” (0.375 inch / 12 inshaarltp2 = 0.0CE369 tt2
““lnskfa diametar filter aurtasa area for 7 tubas with m inside oiamater et 38 inch, 404nchw long: 7 x pi x (0.375 inch) x 40 irwfw.s / 144 iwWftA2 = 229 ft2
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BNFL Pilot-scale X-flow Filtration Test No. 1.01: Env. C + ES + Sr/TRU

[V= 11.9 ftk, TMP = 50.1 psi, T = 25°C]

[20 October 1999]
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BNFL Pilot-scale X-flow Filtration Test No. 1.01: Env. C + ES + Sr/TRU

[V= 11.9 ft/s, TMP = 50.1 psi, T = 25°C]

[20 October 1999]
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Figure B 1: Test Run 1.01,2 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test No. 1.02: Env. C + ES + Sr/TRU
[V= 8.9 ftk, TMP = 32.1 psi, T = 25”C]

[20 October 1999]
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BNFL Pilot-scale X-flow Filtration Test No. 1.02 Env. C + ES + Sr/TRU
~= 8.9 ft/s, TMP = 32.1 psi, T = 25°C]

[20 October 1999]
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Figure B2: Test Run 1.02,2 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test No. 1.03: Env. C + ES + SrflRU

[V= 14.8 ftk, TMP = 69.3 psi, T = 25°C]
[20 October 1999]
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BNFL Pilot-scale X-flow Filtration Test No. 1.03: Env. C + ES + Sr/TRU
[V= 14.8 ft/s, TMP = 69.3 psi, T = 25°C]

[20 October 1999]
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Figure B3: Test Run 1.03, 2 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test No. 1.04 Env. C + ES + Sr/TRU

[V= 15.3 ft/s, TMP = 29.6 psi, T = 25°C]
[20 October 1999]
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BNFL Pilot-scale X-flow Filtration Test No. 1.04 Env. C + ES i- Sr/TRU
[V= 15.3 ft/s, TMP = 29.6 psi, T = 25”C]

[20 October 19991
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Figure B4: Test Run 1.04,2 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test No. 1.05: Env. C + ES+ Sr~RU

[V= 8.8 ft/s, TMP = 70.3 psi, T = 25°C]
[21 October 1999]
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BNFL Pilot-scale X-flow Filtration Test No. 1.05: Env. C + ES + SrlTRU

[V= 8.8 ft/s, TMP = 70.3 psi, T = 25°C]
[21 October 1999]
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Figure B5: Test Run 1.05,2 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test No. 1.06: Env. C + ES + Sr/TRU

[V= 12.3 ft/s, TMP = 51.1 psi, T = 25”C]
[21 October 1999]
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BNFL Pilot-scale X-flow Filtration Test No. 1.06: Env. C + ES + Sr/TRU

[V= 12.3 ft/s, TMP = 51.1 psi, T = 25°CJ
[21 October 1999]
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Figure B6: Test Run 1.06,2 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test No. 1.07: Env. C + ES + Sr/TRU

[V= 15.1 ftk, TMP = 68.8 psi, T = 25”C]
[21 October 1999]
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BNFL Pilot-scale X-flow Filtration Test No. 1.07: Env. C + ES + Sr/TRU
[V= 15.1 ft/s, TMP = 68.8 psi, T = 25°C]

[21 October 1999]
4.0

.- 3.5m e

g 3.0
E
S 2.5
0-
0
0 2.0 .
5
>

.e
=
a

1.5 ~
a

0
a)
f= 1.0 :- “0’\

. e0
z — — ~ V ~ ~ _
m — .asuO.,

0.5

0.0

0 20 40 60 80 100 120 140
Time, minutes

Figure B7: Test Run 1.07,2 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test No. 1.07a: Env. C + ES + Sr/TRU

[V= 15.1 fth, TMP = 48.5 psi, T = 25°C]
[21,0ctotqer 1999] . .
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BNFL Pilot-scale X-flow Filtration Test No. 1.07a Env. C + ES + Sr/TRU
[V= 15.1 ftk; TMP = 48.5 psi, T = 25”C]

[21 October 1999]
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Figure B8: Test Run 1.07a, 2 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test No. 1.01 old: Env. C +ES + Sr/TRU

[V= 12.0 ft/s, TMP = 54.3 psi, T = 25”C]

[05 October 1999]
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BNFL Pilot-scale X-flow Filtration Test No. 1.01 old: Env. C +ES + Sr/TRU

[V= 12.0 ft/s, TMP = 54.3 psi, T = 25”C]

[05 October 1999]
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Figure B9a: Test Run l.Ol(old), 2 wt% Insoluble Solids Concentration (in seconds)
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BNFL Pilot-scale X-flow Filtration Test No. 1.01 old: Env. C
[V= 11.6 ft/s, TMP = 55.9 psi, T = 25°C]

[05 October 1999]
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BNFL Pilot-scale X-flow Filtration Test No. 1.01 old: Env. C +ES + Sr/TRU
p/= 11.6 ft/s, TMP = 55.9 psi, T = 25”C]

[05 October 1999]

4.0 *
.-
g 3.5

a
~ 3.0 0

~ 2.5 .- -- .

s
: 2.0

0
: 0

.2? 1.5

“*

=
xl ~ ~ _
la ~ — ~ ~

z ‘“0
a
n 0.5

0.0 I

o 20 40 60 80 100 120 140

Time, minutes

Figure B9b: Test Run l.Ol(old), 2 wt% Insoluble Solids Concentration (in minutes)
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BNFL Pilot-scale X-flow Filtration Test No. 1.0201d: Env. C + ES + Sr~RU

[V= 12.0 ftis, TMP = 33.4 psi, T = 25”C]
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[05 October 1999]

0.16 -

> I I I I I I

1-1- F
“. I

0.00 “
o 20 40 60 80 100 120 140

Time, minutes

BNFL Pilot-scale )(-How Filtration Test No. 1.020[~ Env. C + ES + Sr/TRU

[V= 12.0 ft/s, TMP = 33.4 psi, T = 25”C]

[05 October 1999]

4.0

x

0.0
0 20 40 60 80 100 120 140

Time, minutes

Figure B 10: Test Run 1.02(old), 2 wt% Insoluble Solids Concentration

—---



;. --.,

OJ

Pilot scale X-flow: EnvC+ES+Sr/TRU Page 118 of 256 BNF-O03-98-0226
Revision O

—. —- . .. . .,.-?--- ----- . ..- ... .. . -..—.———-—.



.

Pilot scale X-flow: EnvC+~+Sr/TRU Page 119 of 256 BNF-O03-98-0226
Revision O

—---



.

Pilot scale X410w: EnvC+ES+Sr~U Page 120 of 256 BNF-O03-98-0226

BNFL Pilot-scale X-flow Filtration Test No. 1.0301d: Env. C + ES + Sr/TRU
[V= 12.0 ftk, TMP = 73.1 psi, T = 25”C]

[05 October 1999]
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BNFL Pilot-scale X-flow Filtration Test No. 1.0301d: Env. C + ES + Sr/TRU
~= 12.0 ft/s, TMP = 73.1 psi, T = 25”C]
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Figure B 11: Test Run 1.03(old), 2 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test No. 1.0401d: Env. C + ES+ Sr/TRLJ

[V= 9.0 fth, TMP = 29.7 psi, T = 25”C]

[05 October 1999]
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BNFL Pilot-scale X-flow Filtration Test No.. 1.0401d: Env. C + ES + SrflRU

[V= 9.0 ft/s, TMP = 29.7 psi, T = 25”C]

[05 October 1999]
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Figure B 12: Test Run 1.04(old), 2 wt% Insoluble Solids Concentration
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BNFL pilot-scale X-flow Filtration Test No. 1.0501d: Env. C + ES + Sr/TRU
[V= 15.3 ftls, TMP = 31.4 psi, T = 25”C]

[06 October 1999]
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BNFL Pilot-scale X-flow Filtration Test k. 1.0501d: Env. C + ES + Sr/TRU

~= 15.3 ft/s, TMP = 31.4 psi, T = 25”C]
[06 October 1999] -
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Figure B 13: Test Run 1.05(old), 2 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test No. 1.04aold: ErIv. C + ES + Sr/TRU
[V= 8.6 ftfs, TMP = 51.3 psi, T = 25°C]

[06 October 1999]
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BNFL Pilot-scale X-flow Filtration Test No. 1.04aold: Env. C + ES + Sr/TRU
[V= 8.6 ft/s, TMP = 51.3 psi, T = 25”C]

[06 October 1999] ~
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Figure B 14: Test Run 1.04a(old) 2 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test No. 1.05aold: Env. C + ES + Sr/TRU
[V= 14.8 ftk, TMP = 51.6 psi, T = 25”C]

[06 October 1999]
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BNFL Pilot-scale X-flow Filtration Test No. 1.05aold: Env. C + ES + Sr/TRU
[V= 14.8 ft/s, TMP = 51.6 psi, T = 25”C]

[06 October 1999]
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Figure B 15: Test Run 1.05a(old), 2 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test No. 1.0601d: Env. C + ES SrflRU
[V= 12.0 M, TMP = 55.3 psi, T = 25°C]

[06 October 1999]
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BNFL Pilot-scale X-flow Filtration Test No. 1.0601d: Env. C + ES + Sr/TRU
[V= 12.0 ft/s, TMP = 55.3 psi, T = 25”C]

[06 October 1999]
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Figure B 16: Test Run 1.06(old), 2 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test No. 1.0701d: Env. C + ES + Sr/TRU

[V= 15.4 ft./s,TMP = 30.0 psi, T = 25”C]
[07 October 1999]
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“BNFL Pilot-scale X-flow Filtration Test No. 1.0701d: Env. C + ES + Sr/TRU “
~= 15.4 ft/s, TMP = 30.0 psi, T = 25”C]

[07 October 1999]
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Figure B17: Test Run 1.07(old), 2 wt% Insoluble Solids Concentration. .

----

—.—_= .-.~ ... .. -,-.... ... ... . . .. . .=4- . ..-?’T.YYmm, ---- . . . -- -



Pilot scale X-flow: EnvC+ES+Sr~RU Page 139 of 256 BNF-O03-98-0226
Revision O



.

Pilot scale X-flow: EnvC+ES+Sr/’I’RU Page 140 of 256 BNF-O03-98-0226
Revision O

●

-- .. .... .

----

— ..— ,,..- ,-...=,. .....,, ... .-,,.. .<,z\.m .,, - - .- ..- . - ——.. —



Pilot scale X-flow: EnvC+ES+Sr/TRU Page 141 of 256 BNF-O03-98-0226

BNFL P“ilot-scale X-flow Filtration Test No. 1.01 sold: Env. C + ES+ Sr/TRU
[V= 11.8 ftk, TMP = 51.0 psi, T = 25”C]

[07 October 1999]
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BNFL Pilot-scale X-flow Filtration Test No. 1.01 aold: Env. C + ES+ Sr/TRU
[V= 11.8 ff/sj TMP = 51.0 psi, T = 25°C]
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Figure B 18: Test Run 1.Ola(old), 2 wt% Insoluble Solids Concentration
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APPENDIX C

EXPERIMENTAL DATA: HIGH SOLIDS CONCENTRATION

Appendix Contents
1. Nomenclature sheet for data tables
2. Experimental data:
Fig. Run Solution
cl 1.08 2 to 22 wt% Solids
C2 1.09/1.10 22wt% Solids
C3 1.09 14 wt% Solids
C4 1.10 14 wt’%Solids
C5 1.11 14 wt% Solids
C6 1.12 14 wt% Solids
C7 1.13 14 wt% Solids
C8 1.14 14 wt% Solids
C9 1.15 14 to 38 wt% Solids

Done on
11/30 to 12/01/99 (Prewash D~watering)
12/01/99
12/02/99
12/02/99
12/02/99
12/02/99
12/03/99
12/03/99
12/09/99 (Postwash Dewatering)

General Note: For measurement uncertainties see Appendix F

Special Notes:
a. In the top graph of Fig. Cl there is a line of data just above the zero Filtrate Flux line

and in the bottom graph there is a large amount of scattered data above the
permeability line, these data points were due to backpulsing.

b. Explanation for run 1.09/1.10 -On December 1, at the end of the concentrating run, “
1.08, a final concentration of 22 wt% of insoluble solids and 49 wt% of total solids
was attained. The first steady-state high concentration test run (1.09) began
immediately., However, two of the three pumps were leaking slightly, so run 1.09
was done using run 1.10 flow conditions (i.e., slurry velocity of 9 ft/s and a ~ of
30 psid) because a pump failure was feared if the flow conditions ofm.m 1~09(i.e., 12
fth and 55 psid) were used. That is, it appeared that any run was not going to last
long with the conditions of the pumps. Despite the leaking, the run was attempted
because data at this higher slurry solids loading were desirable. Therefore, the least
taxing flow conditions on the pumps were chosen (i.e., run 1.10). As can be seen in
Fig. C2, only 36 minutes of data were obtained. The temperature of the slurry could
not be maintained because of its viscous nature and because the small volume of the
concentrated slurry was not sufficient to cover the cooling coils in the slurry
reservoir. Also, the pumps began to leak profusely, so the tin was stopped to change
the pump seals and to dilute the slurry. The slurry was diluted to approximately 15
wt%; a subsequent analytical measurement put the insoluble solids loading at 14.3
wt% and the total solids .at 44.1 wt%. On the following day, with the more dilute
slurry, run 1.09 was redone.

c. Backpulsing – For run 1.09, Fig. C3, a backpulse frequency of 20 minutes was used.
However, the backpulse seemed ineffective because after a backpulse, the filtrate
flowrate would decrease, within a few minutes, to a keady (low) flux. Therefore, for

----
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e.

f.

g-
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runs 1.10 to 1.14, Figs. C4 to C8, only an initial and final backpulse was used.
Moreover, the data indicate that the filtrate flux was a bit erratic. This was caused by
the temperature increases. At this higher solids loading the slurry had a Bingham
plastic type character and therefore in the slurry reservoir the slurry movement was
minimal because of the yield stress, thus making the cooling coils ineffective. A run
would be started at around 23°C and end up above 30°C.
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 baclcpulsing 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
norrnall y distributed data, however Filtrate Flux and Permeability decrease with time
and therefore are not norrnall y distributed.
To calculate those quantities mentioned in the preceding item, 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~in&ediately follow the specific figure.

Nornanclature For Data Sheets
(See Fwure 1: Main Test Rig - Pilot Scale Cross Flow for the InstrumentLocafkm)

Cahn-nn Headng Full Headng ~ E@matiaa

A=

~ :.

DATE DATE &? Daylhe test was &me

B= TIME TIME

c. 4

1

%: Tiie date entry was made

SOLENOID = SOLENOID ~z l=yas. I&no for the pressure to the baskpulse piston

0= FLTRT (d = FLTRT (~ C) T2

E= 1
.&. Fiftrate Temperature in Fiter at exit of the Filer Ho@ng

CL LOOP ( = CL LIMP (~ C) T3 ‘% T

F= SL LOOP ( = SL LOOP (&g C) T1
ZLl empemture of Liquid in the Cfesrhg @

G=

,~+.TemperaWaof Liquidinthe SfUrryLccpat theResem”r Tank
UP AMB(d = UP AMB(d~ C) T4 .~Ambient Temperatureal thetopoftheTest Rig- 3rdlevel

H- BOTAMB( = BOT AMB (deg C) T5 ~~~kt Tem~ralum at the bc4fom of the Test Rig - let level

1= T6 (d-sg c) . T6 (~ C) SPARE
~

,:’ Spsrs The

J=

L

rmacsupfe - Currentfy Nc4 Saing Used ----

SOT OP (P = SOT DP (psi@ dp2 $;< Oifferenriaf Pressure between the FMor Slurry Entrance end lhe borrom filtrate Exii

K= FLTR (psig) = FLTR (pa@) PI &# Gauge Pressure at the Fifter Sluny Erdmnce

L= FLTR DP ( = FLTR DP (psid) dPl ~Differentiaf Pressure Mween the Fiffer Shy Entranse and Exit

rd. TOP DP (p = TOP DP fpaig) dP3 &#Dflere”tidP,S.rekMentifi~erS.wEfi .s”dtheTopFiffrateEfi
N. FLTRATE ( = FLTRATE (psig) P2

1?

&jGawe pr~”re at the Rf@r filtmte Efi

o= PISTON ( = PISTON (psig) P3 :>~ fir Gauge Pressure A@ed to Beskpufse Pston

P. SL FLOW ( = SL FLOW (gpm) Csl $Jk flew Rate of the SSuny Flow

Q= 02,FLTR F = FLTR FLOW (gpm) 02 j$ Ffow Rate of the Fiftmte flow frsm O to 1.2 gpm

R= 03,FLTR F = FLTR FLOW (gpm) 03 ~~ flow Rate of the Fiffrale FfovrfrwnO105 gpm

The fallowing sdumms are ssfwlated resuha based cm the apprc+xiate sdurnms

s. NumCer Number

l??
Dale numbers tiih is (usuaf&) equivefenl to 1 minute since this was rhe asquisitii frequency

T= Number . Number AS,Dam n~e~ ~fi are eq”aftow a s“~et fr~ w“~ S tof~rmte g~hing Ofs- *ta se~
u. Vel, frJs . V.I. SVs E+.1 .

v. TMP. PSl . TMP, PSI
. .~hmf alurryvekxiry = [CWumn P]/7.4S gaf.ffL2/60 sacJmin / flow area (=0 0C6369 W)

h

&~ Transmembmne Pressure= f@lumn J] + [Cdurnn M])f2
w. TMP, bar = TMP, bar ~*[Cdumn w / 14.504 bar/pei
x. GP~2 = GPhUFT2

Y= $j~tspas.sorrecficafacfsc[.dunmwl xe~_x((l/(2n.N”m~)~(1H8)))
mm Q] / “h-side&arneier fiiier surface area (= 229 W)

GPt.VFT2 = GPMJFr2 at 25°C

z. — —~ @d.? Umn x] / [Column u]

AA= Xlwo . PERM1/d31LlTy X 1000,, $t[Cc4umn Zl X 10CO

AB = PEIw- . PERMW (ti~~ ~&[Cdumn Yl x scoversicafactor(. 851.0145 rnrdsylbar / gpnVfWbar)

.Naf aluny flow area is besed sa 7 porous tubas with en inside ekmeler of 3/8 insfr 7 x pi / 4” (0.375 inch / 12 inshe.s/ftp2 = 0.005369 ft2

..lm”de &meter filter surface area fof 7 tube-s w“th en inside diamalar of 303 inch, 4Girwhes long: 7 x @ x (O 375 inch) x 40 irches / 144 irV.2W2. 229 ft2
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BNFL Pilot-scale X-flow Filtration Test No. 1.08: Env. C + ES + Sr/TRU

[V= 14.8 ft/s, TMP = 38.8 psi, T = 25°G Backpulse Every.20 minutes]
[30 NW -1 Dec 1999]
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BNFL Pilot-scale X-flow Filtration Test No. 1.08: Env. C + ES + Sr/TRU
[V= 14.8 ft/s, TMP = 38.8 psi, T = 25°G Backpulse Every 20 minutes]

[30 Nov -1 Dec 1999]
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Figure. Cl: Test Run 1.08, Dewatering from 2 to 22 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test No. 1.09/1.1 O: Env. C + ES+ SrlTRU

[V= 9.2 R/s, TMP = 34.6 psi, T = 25”C]
[1 December 1999] [Note: Actual Slurry Temp = 30”C]
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Figure C2: Test Run 1.09/1.10, 22 wt% Insoluble Solids Concentration
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BNFLPilot-scale X-flow Filtration Test No. 1.09: Env. C+ ES+ SrTi_RU

[V= 11.8 ft/s, TMP = 51.9 psi, T = 25”C]
[2 December 1999, backpulse every 20 minutes]
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BNFL Pilot-scale X-flow Filtration Test No. 1.09: Env. C + ES Sr/TRU
[V= 11.8 ft.k, TMP = 51.9 psi, T = 25”C]

[2 December 1999, backpulse every 20 minutes]
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Figure C2: Test Run 1.09, 14 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test No. 1.10: Env. C + ES + Sr/TRU

[V= 8.2 ft/s, TMP = 31.3 psi, T = 25”C]
[2 December 1999]

.
0 0

0

0

‘%oo_ “0
00 0%- #,&O_

0-—%=0 4?—.sOO - Gmu-Q.no. o-cm-0 0 080=m*-

0

0

I I

“o 20 40 60 80 100 120 140

Time, minutes

BNFL Pilot-scale X-flow Filtration Test No. 1.10: Env. C + ES + Sr/TRU

0.8

0.7
0

0.6 ~

0.5 ‘o
‘Q

0.4- ~

0.3

0.2 0

0.1

0.0 I

o

~= 8.2 ft/s, TMP = 31.3 psi, T = 25”C]
[2 December 1999]

20 40 60 80 100 120 140

Time, minutes

. .

Figure C3: Test Run 1.10, 14 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test No. 1.11: Env. C + ES+ Sr/TRU

[V= 14.6 ftk, TMP = 69.2 psi, T = 25°C]
[2 December 1999]
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BNFL Pilot-scale X-flow Filtration Test No. 1.11: Env. C + ES+ Sr/TRU

[V= 14.6 ff/s, TMP = 69.2 psi, T = 25”C]

[2 December 1999] .
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Figure C4: Test Run 1.11, 14 wt~o Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test No. 1.12: Env. C + ES+ Sr/TRU

[V= 15.1 fth, TMP = 31.8 psi, T = 25”C]
[2 December 1999]
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BNFL Pilot-scale X-flow Filtration Test No. 1.12: Env. C + ES + Sr~RU

[V= 15.1 ft/s, TMP = 31.8 psi, T = 25°C]
[2 December 1999]
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Figure C5: Test Run 1:12, 14 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test No. 1.13: Env. C + ES+ SriTRU

[V= 9.3 ft/s, TMP = 71.5 psi, T = 25”C]
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Figure C6: Test Run 1.13, 14 wt% Insoluble Solids Concentration
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BNFL Pilot-scale X-flow Filtration Test No. 1.14: Env. C + ES + Sr/TRU
. [V= 11.8 ft/s, TMP = 51.2 psi, T = 25”C]

[3 December 1999]
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[3 December 1999]
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Figure C7: Test Run 1.14, 14 wt% Insoluble Solids Concentration
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BNF1- pilot-scale x-flow Filtration Test No: 1.15: Env- C + ES + Sr/TRU

[V= 14.9 ftls, TMP = 30.7 psi, T = 25”C]

[9 December 1999]
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BNFL Pilot-scale X-flow Filtration Test No. 1.15: Env. C + ES + SrflRU

[V= 14.9 ft/s, TMP = 30.7 psi, T = 25”C]

[9 December 1999]
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Figure C8: Test Run 1.15, 14 wt% to 38 wt% InsolubIe Solids Concentration
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APPENDIX D

EXPERIMENTAL DATA: SLURRY WASH

Appendix Contents
1. Nomenclaturesheet for data tables
2. Experimental data:
Fig. Run Done on
D1 First Wash 12/08/99
D2 Second Wash 12/08/99
D3 Third Wash 12/09/99
D4 Fourth Wash 12/09/99

General Note For measurement uncertainties see Appendix F

Special Notes:
a. As per customer request, the wash water contained a small concentration of Sodium

Hydroxide, i.e., 0.01 M NaOH.
b. BackPulsing was only done in regular intervals for the first-wash run. That run

started at a low filtrate flux of approximately 0.03 gpm/ftz, Fig. D1. Therefore, a
backpulse frequency of 15 minutes was used which increase the flux to slightly above
0.04 gpndftz. By the fourth-wash run the starting flux increased to above 0.11
gprnhlz, Fig. D4.

c. 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.

d. 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.

e. All columns of data, in all the tables, are ended with several statistical values of that
columrr;iie., Average, M~imum, 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 Permeability decrease with time
and therefore are not normally distributed.

f. To calculate those quantities mentioned in the preceding item, 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.
However, because of the large number of backpulses, around fifteen, for the first-
wash run, all of the internal backpulse data points were used. Those points only
represent about 5% of all the points throughout the 4.3-hour test.

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

Column
A=

8.

c=

D=

E=

F=

G=
H=

1=

J=
K=

L=

M=

N=

o=
P.

cl=

R=

Headicg

E

DATE
TIME

SOLENOID
FLTRT (d

CL LOOP (

SL LOOP (

UP AMB (d
BOT AMB (

T6 (d?g c)

BOT OP (p

FLTR (Ps,g)

FLTR DP (

TOP DP (p

FLTRATE (

PISTON (p

SL FLOW (

Q2.FLTR F

Q3,FLTR F

.

FUIIHeading

DATE
TIME

SOLENOIO

FLTRT (deg C) T2

CL LOOP (dsg C) T3

SL LOOP (~ C) T1

UP AMB (d~ C) T4

BOT AMB (deg C) T5

T6 (deg C) SPARE

BOT DP (psid) dP2

FLTR (psig) PI

FLTR OP (psid) dPl

TOP DP (psig) dP3

FLTRATE (psig) P2

PISTON (psig) P3

SL FLOW (gpm) 01
FLTR FLOW (gpm) 02

FLTR FLOW (gpm) 03

.r

.,

.;.

..

Explanatmn

Day the test was done
T#me data entry was made

I=yes, O==o for the pressure to the backpufse ptston

Fdtrate Temperature in Filter at exit of the Falter Housing

Temperature of Liquid in the Cleaning LCOP

Temperature of Liquid in the %my Loop at the Resewoir Tank

AmbientTemperature at the lop of the Test Rlg - 3rd level

Ambient Temperature at the bottom of the Test Rig - 1st level

Spare Thermcccmple - Currently Not @eing Used

DMerentiaf Pressure between lhe Filter Slurry Entrance and the bottom FMrate Exfi

Gauge Pressure at the FiiIer Slurry Entrance

Differential Pressure between the Filter Slurry Entrance and Exir

D,fferentlal Pressure between the Filler SIumy Exil and the Tcp Flfwate EXII

Gauge Pressure al the Filer Filtrate Exit

Air Gauge Pressure Appfied to Badrpulse Pisbm

Flow Rate of the Suny Flow

Flow Rate of the Fiftrate Flow from O to 1.2 gpm

Flow Rate of the Filtrate Flow from O to 5 gpm

The Idlov.mg columns are calculated resuha based on the appropriate cdumna

s=
T=

u=
v.
w=
x.
Y.
z=

AA=
AB= El’

Numbsr Number ~, Data numbers vhiih is (usually) equivalent to 1 minute sinceIhs wasthe acquisition Irequetwy

Number Number

Val, !Vs Vel, Ws
:~~oafa fiumbem ~ih are equal to or a subset from Column S to facikfate gmphmg of sow CM= WLS

TMP. PSI =

;j$hiaf sf.nyvefoafy= [Cd.mn P] /7.43 gafift2/60 sadmin /ffowarea (=0.13%%9 t?)

TMP. PSI j~+ .Transmembrane Pressure = ((Column J] + [CcJumn M})12

TMP. bar = TMP. bar ~;~~[Cd.mnU]/14504 bar/psi

GPhVFT2 = GPm2 ~.%{[mumn Q] / inside ciiamelerfittersurfaca araa (. 2.29 ICY)

GPW’FT2 = GPMrlT2 at 25-C ?*l’~Teat Spat. cormcficm I?cfer [Cdwnn W] x exp(2503 x ((1/(273+&mnTJ))-(li298)))

PEsMmsmTY = PEMuHuTY @nnZtml &&cdIJ~ x] / [mumn u]
x lm . PERMIASIUTY X lIXXI f&~[Cdumn Zl X 1000

PEw.1— = PEs14- (tirt.lq &j[Cdumn Yl x acoversica factor (. 851.0145 rnfdayibar / gpnVlt21mr)

“Axial shiny flow area is baaad on 7 pwws tubes with an inside &mater of 2/8 inch: 7 x pi / 4 “ (0.375 inch / 12 inche.siltr2 = 0.005369 h2
““lnsids diameter filter surface area for 7 tubes w“th an inside diameter of 2J’LTinch. 4Ginches lcog’ 7 x pix (0.375 inch) x 40 inches / 144 in%llA2 = 2.29 h2

----
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BNFL Pilot-scale X-flow Filtration Test 1st Wash, Env. C + ES + Sr/TRU

[V= 14.8 ft/s, TMP = 43.8 psi, T = 25”C]
[8 December 1999]
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BNFL Pilot-scale X-flow Filtration Test 1st Wash, Env. C + ES + Sr~RU
[V= 14.8 ft/s, TMP = 43.8 psi, T = 25”C]

[8 December 1999]
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Figure Dl: First Wash: 75 liters of Deionized/Filtered Water with 0.01 M NaOH
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BNFL Pilot-scale X-flow Filtration Test: 2nd Wash, Env. C + ES+ Sr/TRU

[V= 14.9 ft/s, TMP = 43.5 psi, T = 25”C]

[8 December 1999]
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BNFL Pilot-scale X-flow Filtration Test: 2nd Wash, Env. C + ES ~ SriTRU
[V= 14.9 ft/s, TMP = 43.5 psi, T= 25°C]

[8 December 19991
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Figure D2: Second Wash: 75 liters of Deionized/Filtered Water with 0.01 M NaOH
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BNFL Pilot-scale X-flow Filtration Test: 3rd Wash, Env. C + ES+ Sr/TRU

[V= 15.0 ft/s, TMP = 38.8 psi, T = 25”C,]

[9 December 1999]
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BNFL Pilot-scaleX-flowFiltrationTest 3rd Wash, Env. C + ES + Sr/TRU
[V= 15.0 II/s, TMP = 38.8 psi, T = 25°C,]

[9 December 1999]
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Figure D3: Third Wash: 75 liters of Deionized/Filtered Water with 0.01 M NaOH
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BNF~ Pilot-scale X-flow Filtration Test: 4th Wash, Env. C + ES+ Sr/TRU
[V= 14.8 ft/s, TMP = 39.3 psi, T = 25”C]

[9 December 1999]
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BNFL pilot-scale X-flow Filtration Test: 4th Wash, Env. C + ES+ &/TRIJ
[V= 14.8 ftls, TMP = 39.3 psi, T = 25°C]

[9 December 1999]
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Figure D4: Fourth Wash: 75 liters of Deionized/Filtered Water with 0.01 M NaOH



Pilot scale X-flow: EnvC+ES+Sr~RU Page 192 of 256 BNF-O03-98-0226
Revision O

,. ,?-----.7 ~, .. _.-=, ,, . . . . . . . . . . . . . . -. --- ,-------



Pilot scale X-flow: EnvC+~+Sr/TRU Page 193 of 256 BNF-O03-98-0226
Revision O

-f-



Pilot X-flow: EnvC+ES+Sr/TRU Page 194 of 256

APPENDIX E

ANALYTICAL DATA

BNF-003-98~0226
Revision O

Appendix Contents
1. Thirteen pages of Table El contain all of the analytical data.
2. Slurry Rheology: Figures El and E2
3. Graphs of selected chemical element concentrations throughout the test by molarity
,

Figures E3-E17 are Al, Ca, Cl, Cr, F, Fe, La, Mn, Mo, Ni, P, K, Si, Na, and Sr
4. Graphs of selected chemical compounds and other concentrations throughout the test

by molarity.
Figures E18-E23 are: Forrnate, Oxalate, Phosphate, Sulfate, Nitrate/Nitrite, and
Total Inorganic/Organic concentrations.

5. Graphs and tabular data on the particle distributions throughout the test
Figures E24A, E24B, to E30A, E30B are for test runs: Pre-test, 1.01, 1.07,
1.08mid (9 wt% insoluble solids), 1.08end (22 wt% insoluble solids), 1.10,1.15.

Special Notes:
a.

b.

c.

d.

There are no measurement uncertainties listed because the measurement uncertainties .
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 as:

●

Density: s 0.5% of reading by calibration
Viscosity: 0.34 wt% of reading by manufacturer’s statement.
Figures for the skrry rheology, Figs. El andE2, do not include the slurry used for.
test runs 1.01 to 1.07 b~ati;e at the low insoluble solids concentration of 2 wt% the
slurry exhibited Newtonian characteristics and therefore is defined by its viscosity
value given in Table El.
For the graphs shown as the figures mentioned in items 4 and 5 above, i.e., selected
chemical and compounds, a page of explanation that leads those figures should be
read to better understand the data. Those graphs show a combination of slurry,
filtrate, and target concentrations. Understanding the placement of information on the
gkaphs will make them more useful.
Each particle analysis was done by a Volume and a Number distribution, thus there
are two figures for each, e.g., 24A and 24B.)

.

----

~--- .,, , -----= .. ,..,-,.*... ,., ., .,-. —.....,,- ,.-—,



. . .

Pilot X-flow: EnvC+ES+Sr/TRU Page 195 of 256 BNF-O03-98-0226
Revision O

1 TEST RUN ----------------------------------------–>~ Most Recent Entw Date 01-Mar-2000 Pre-Test Sample 1.00 1.(Y3

2 BNFL Sample ID ------------------------------>> Prefix = BNF-SXF2115-C+ES+Sr flRU Pre-Test Sample Prefix_Ol a Prefix_Ol b

3 ADS Sample ID ---------------------------------->> BNF-CSOLIDS-Pre-Test 3-133990 3-133991

4 Type Sample ------------------------------------s> insoluble solids in H20 slurry Imp slurry loop
5 Sample Size ----------------------->> mL 5 15 15
6 Measurement(s) Made -------->> (SEENOMECIATURETOEXPLAINTESTSYMBOL) MICROTRAC lCP-ES/lC-ANIONS AAITIC-TOCASE
7 Item Measured Units Analyst Name .,:. /., *.:; ~, ,$::$ ‘,w~+=’$?:, “-”’:~- W’w-f:w~,:, ;,,,:,.. .. . . . .. . .. . -~.,

8 Density g/mL Thermal Fluids Lab nfa nla rda
9 Al u@mL Frank Pennebaker rsta 4.3 n/a
10 B ug/mL Frank Pennebaker Ma 4.13 nfa
11 E3a uglmL Frank Pennebaker da -43.02 n/a
12 Ca ug/mL Frank Pennebaker nla 4.2 nla
13 Cd uglmL Frank Pennebaker r.la 4.02 da
14 cl uglmL Robert Ray/Joyce Cartledge nla 10 nfa
15 Cl Sample ug/mL Robert RaylSarah Brown n/a Ma 2.8
16 co ugimL Frank Pennebaker nla 4.05 rara
17 Cr ugfmL Frank Pennebaker nfa 4.05 nfa
18 Cu u@mL Frank Pennebaker nla 4 m t-h
19 F (Fluoride) [notaccurate] uglmL Robert Ray/Joyce Carlledge n/a I 4 rr/a I
20 F Sample (more accurate result) ug/mL Robert Ray/Sarah Brown
21 Fe ug/mL Frank Pennebaker
22 HCOO (Formate) ug/mL Robert RaylJoyca

I rr/a
n/a

I nfa I <1
4.06 nra

Cartledge I nla I <lo I nta I
23 K ugfmL I Sereh Brown I da
24 La ug/mL Frank Pennebaker n/a
25 Li trg/mL I Frank Pennebak

I nla I 4.125
4.14 nta I

J4@-
J!Q!!!L
Qf@L
J@!!L
J@!!L

ker n/a 4.7 rrla
Frank Pennebaker da 4.05 nta
FrankPennebaker rrla 4.02 da
Frank Pennebaker nla 4.04 nla
Frank Pennebaker nla 2.60 nla
Frank Pennebaker da -dl.06 tia

3 rUa <10 tia
rt Ray/JoP Cartiedge n/a 15 nla

31 N02 (Nitrite) trgfmL Robert Ray/Joyce Cart!-edge
32 N03 (Nitrate) ug/mL Rober
34? C204 (Oxelate) ug/mL Robert RayIJoyce Cartfedge I da I <lo I nfa
3P u@mL Frank Pannebaker nla CO.9 nla
35 IP04 (Phosphate) ug/mL Robert Ray/Joyce Cartfedge I nla I <10 I Ma

I 36 lPb I u@mL I Frank Pennebaker nla 4.5 nla

Cartledge I da I 13 I nfa I

‘ 37 Si u@mL Frank P9nnebaker I nla I 4.6 I nla
36 Sn trg/mL Frank Pennebaker n/a 4.4 n/a
39 S04 (Sulfate) ug.fmL Robert RaylJoyca
40 Sr uglmL Frank Pennebaker I nla I -5).0s I da
41 Ti u@mL Frank Pannebaker rsla CC3.05 tia
42 v

I
trgfmL Frank Pennebak

43 Zn u@mL Frank Pennebaker I tia I CO.05 I nJa
44 Zr w#mL Frank Pennebaker nla -33.15 “; rda
45 Total Organk Cadxm u@mL Robert Ray I rda I nfa I 428

ker I n/a I -53.12 I nla I

I 46 lTotel Inorganic Canbon I uglmL I Robart Ray I nla I n/a I 14.6
verfy Burch nIa 4.0Q2 nta47 Suspended Solids w? Bet

48 Total Solids W% Beverly Burch
49 Mean Partide Siie by Volume micron Den Blankenship
50 Mean Particle Size by Number micron Don Blankenehip
51 Kinematic Viscosity centiitoke CONErTNX-CAPILLARY/TFL
52 Oynamic Viisity I Consistency CP Calculated = Kin. Viic. x Densfty

I nfa I

)1 rda I nla I

i=
n/a
da

I

r I rs/a I da I rda
I 53 lCOmment I I Ihigh PH diluentfaonication water before water after i

Table El: Analytical – All data, Pagel .

------
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I G I H I I J 1 K I L I
I IT133T RUN ------------------.--...--.--.---......>>

I M
1.01 (old) 1.Ol(old) [ l.Ol(old) I 1.01 (o[d\” 1 nl

—
9 —.--. —.__.._ —>> I
,——.——-.— -.. “.1 I

13 cd ! ugfm
,A !-.

r ..- .,_ .-, 1 ..-1(old)
Prefix_02 I Prefi;_Oi I ‘-Prefix_& I Prefix_05a Pretix_05b
3-133992 N/A 13-1339931 3-133984 I 3-133995

slurry I slurry I slurry I filtrate I filtri
.= ,... .- .-

... . I ,“,,”IT” , m“
d Units L-- -$..

.—-—.
-., ----- .....7.+ ..-..4 .“...--7 ...-.

w glmL 1.290
9 Al

1.291 1.290 1.!
uglmL n/a n/a tia

10 B
220 nfa

uglmL rrla n/a tia
11 f3a

20.8 n/a
uglmL n/a n/a n/a

12 Ca
4.02 n/a

uglmL da n/a nla 124
L nla

da
da n/a 4.02 “/-

GI I ug/mL nra da nla
Cl Sample

816
uglmL tia nla nra da :34 I

Ne
I G)u I 13 I 15 I 15

TSISS j ICP-EWIGANIONS I ANTIC-TOCIISE
--...’, .,. .,, . . . ..

.- .-.,--- .. ... .’ -. -. -..--.--’&-.. i: =.-, :+-i ..-,.. . .,
,272 I 1.272

Va I15-
18 co uglmL nla nla n/a
17 Cr

-4.05 tia
uglmL tia nla n/a

16 Cu
0.49 nfa

uglmL n/a nla da 9.2
19 F (Fluoride)[notaccurate]

tia
ug/mL n/a n/a nla 967

20 F Sample (more accurate result)
n/a

uglmL nla n/a nfa
21 Fe

tia 272.2
ug/mL tia tia tia 35 rrla

22 HCOO (Formate) uglmL tia tia
23 K

n/a 6691 n/a
uglmL nla tia nla

24 La
nla 1220.88

ug/mL tia rYa da
26 u

1.3 nfa
uglmL tia nla

26 Mg
n/a 4.7 da

ug/mL tia tia
27 Mn

n.la 0.41 tia
uglmL tia rUa” nfa

28 Mo
9.4 nla

ug/mL n/a n/a tia
29 Na .

20.3 n/a
ug/mL nla rrla

30 Ni
rrfa 127500 n/a

uglmL n/a nra tia 263
31 N02 (Nitrite)

rrfa
ug/mL tia n/a ofa 34069 nfa

32 N03 (Nirate) rrgImL rr/a nra nla 13020
33C204 (Oxalate)

nfa
ug/mL rr/a

P
rr/a tia 2024 nra

ug/mL da rr/a o/a 318-- .,-.., . . . . n.fa
nla tia nla 1534 n/a
nla nfa n/a <1.0 nra
rrla rr/a

n
rr/a 10.2 n/a

I ugfmL nra.— nfa n/a 4.4 nla
! nla I tia. I n/a I 4630 I nfa I

41 n I ugIml
42 v ug/ml
43 a

ZTlz
1
r
-...-–– .–

rr/a I-l/a “ tia 87
tia nla nfa 4.05
n/a nla n/a -S3.12

uglmL nla tia ria 17
ug/mL nla nla tia 0.8

- “m ugfmL n/a ra/a tia
fbon ug/mL n.ra nla nla

“-’% tia 1.78 1.93
% da X? w w nu

=4
ria
n/a
n/a

m--
15 I ria I

45 TomI urgamc wm n/a
46 Total Inorganic Cad

9618
nra 12044

47 Suspended Solids WL, n/a
46 TotalSolids w

n/a

, nfa tia
49 Mean Particle 8ize by Volume

--.-- ..-.--
micron I 1.471 (75%)/5.561 (23%) rr/a n/a tia

60 Mean Particle Size by Number
nIa

micron 0.97 I nfa I rrla
61 Kinematic Viwu-mitv

nla - . rala
A . .I sentistoke I nla I 3.0 I n/a ‘1

)a”,..,
2.62

.0 -,,. . . —,- ---62 IDynamk Vismsityi Consiste, ,.Y , ~~
I Z.DL

I 1ua I .x9 1. . Na I
~.=

3.33
I Ihigh PH dikrentkonication I I

Table El: Analytical – All data, Page2
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N o P Cl R s T
1 TEST RUN ------------------–---------------------->> 1.07(old) 1.07(old) 1.07(old) 1.07(old) 1.07(old)

2 t3NFL Sample ID ----------------------------------->> Prefix_06 Prefix_07 Prefix_08 Prefix_09a Prefix_09b
3 ADS Sample ID ----------------------------------->> 3-133996 N/A 3-133997 3-133998 3-133999
4 Type Sample -------------------------------------->> slurry slurry slurry filtrate filtrate
5 Sample Size ---------------------->> i mL 15 250 15 15 15
6 Moat, urement(s) Made . . . . ..------------------.>>

.-

1 MICRO-TFrAC iTS/SS-VISCOSllYl T&SS \ lCP-ES/lC~ANIONS I AA/TIC-TOC/lSE I- .------
7 Item Measured”

I
Units

~..~xi ; .-,.:~i:y.m.->$$:+7.,. ,. .:.,.,~,a ! . ..&...- *.>>. ,. J . ..-.-~m,-,~,...+> .. ,, I .- .. ..”.7.”. ..m:.: .,j,:,.,~: ,..>..’..~,>’.->. ‘t,.,r% ~-=~:-. ,.;,; .. .~......’ .~... . ..-.:....-..- .- .- ,4.;; ;:-:,.~T,;4j.-a.

8 Density
. .. ”,.,.-.=,... .. . . . - <s,,. .,. . . .. .

g/mL 1.285 1.305 1.285 1.270 1.270
9 Al ug/mL nla tia nla 219 n/a
10 B ug/mL tia tia tia 21.1 nla
11 Ba uglmL tia n/a nla <0.02 nfa
12 Ca ug/mL n/a n.la O/a 128 ria
13 Cd ugfmL nla da n/a 4.02 n/a
14 c1 ug/mL nra n/a nla 818 nfa
15 Cl Sample ug/mL n/a da tia tia 967
16 co ug/mL rVa O/a da 43.05 n/a
17 Cr uglmL nra n/a O/a 0.53 da
18 Cu uglmL n/a n/a rVa 12.1 O/a
19 F (Fluoride) [not accurate] ug/mL da n/a nla 1860 O/a
20 F Sample (more accurate result) ug/mL n/a n/a da n/a 282.5
21 Fe ug/mL nla nla O/a 41 nfa
22 HCOO (Formate) ug/mL tia O/a n/a 5s20 O/a
23 K uglmL tia O/a da nfa 1198.88
24 La uglmL nla nla tia 1.2 O/a
25 Li” uglmL tia nla da 4.7 da
26 Mg ug/mL nla da tia 0.41 tia
27 Mn uglmL n/a tia O/a 14.5 n/a
28 Mo ug/mL nla tia n/a 20.5 da
29 Na ug/mL nfa tia da 126500 O/a
30 Ni ug/mL n/a tia O/a 285 n/a
!31 Nf)7 (Nitrite) Imlml nla t-h “ 12 Q7AT11 n/s------ . ..---- ----- , ..- 1 .“- 1 1 1
32 N03 (Ntirate)

..- “.-. ,“”

ug/mL tia O/a n/a 131115 nra
33 C204 (Oxalate) Ugh
34 P ug/mL O/a O/a nla I 319 I nla I
35 P04 (Phosphate)

mL I nra I O/a I nla I 1449 I nla I

I ug/mL I tia ! O/a ! O/a ! 1549 I O/a I
I 36 lPb I ug/mL I nla I nla I n/a I <1.0 I da I
I 37 Isi ! ug/mL I nla I nla I nla I 11.0 I nla

“mL tia tia tia 4.4 tia38 sn uglr
39 S04 (Sulfate) ug/mL ! nla I rrla I O/a 4883 I I-l/al
40 Sr Ugh
41 Ti ug/mL da ------., . ..- . n/a I n.la 1A9v

-d3.05-. 1. O/a
--, .
42 lZn

mL I n/a I O/a I tia I 95 I da I

uglmL - nla n/a nla 4.12 n/a
ug/mL O/a n/a O/a

G Z’
17 O/a

uglmL nla nla nla 79.00 n/a
45 Total Organic Carbon ug/mL nla tia da nla 9876
46 Total [norganic Carbon ug/mL nla O/a n/a O/a 12362
47 Suspended Sofids Wt% n/a 2.05 1.89 n/a tVa
48 Total Sotids Wt% n/a 35.84 34.47 n/a tia
49 Mean Particle Size by Volume m“cron 1.472(7799)15.228(23%) da n/a O/a nJa
Sll Mean Particle Size by Number micron 0.97 O/a O/a n/a da
51 ffinematic Viscos”~ centistoke 0/s 3.4 O/a 2.47 - 2.47
52 Dynamic Vismsity I Consistency CP nra 4.4 nla 3.14 3.14
53 Comment high pH diluentkonication

Table El: Analytical – All data, Page 3
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Pilot X-ffoW: EnvC+ES+Sr~U Page 198 of 256 BNF-003-98-0226
Revision O

u I v w x Y z Ah
1 TEST RUN--——————— :> 1.07 1.07 pre 1.08 pre 1.08 pre 1.06
2 BNFL Sample ID ———— —>> NIA WA WA N/A Prefu_10
3 ADS Sample ID —-————>> WA NIA N/A NIA 3-135892
4 Type Sampk3——-——— A> slurry filtrate shy slurry shy
5 Sample Size ——...-—>> mL 100 returned 100 ralumed 100 returned 100 retuned 15
6 Measurement(a) Made - >> DENSITYONLY DENSITY& VISCOSITY DENSITYONLY DENSllY ONLY T.SYSSllCP-E~HF digest
7 item Measured Unffi t77~.-t7.Y. 5Y.W-T. ??X?”:: .- Cl?.-.~ “?.‘“---- 1‘.:.’ Y7-- --.:---
8 Density gtmL 1.283 1267 1295 1.291 1293
9 Al ug/mL da nra nra rrla 235
10 B uu/mL rda da rda nla 18
11 Ba ug/mL tia da n/a nta .2
12 Ca uglmL tia n/a nra da 327
13 Cd uglmL nfa nla nla da 42
14 c1 uglmL da nra nla nla nla
15 Cl Samp!e ug/mL da n/a ria rs/a nra
16 co ug/mL ria rVa n/a nra cO.6
17 Cr ug/mL nla rara n/a da 4.40
18 Cu uglmL nfa n/a rtra nfa 18
19 F (fluoride) [notaccurate] uglmL nla n/a n/a nfa nra
20 F Sample (more accurele result) ug/mL nla nfa nla da n/a
21 Fe uglmL tia rsla rda da 919
22 HCOO (Formste) ug/mL rsta rda nla rtra da
23 K ug/mL nla nla nla nra rbra
24 la ug/mL nla tia. da nla 24
25 u ug/mL rsla rda rda nfa d
26 Mg uf#mL nla nfa tia rsla 13
27 Mn ugfmL nra n/a nla nfa 2711
28 Mo rsg/mL nla n/a da nfa 15
29 Na rralmL nra rda da nla 1336S3
30 Nl ug/mL da nfa nra nla 292
31 N02 (Ntrite) ug/mL nla nla tia nla nla
32 N03 (N-te) ug/mL rVa da da nfa n/a
33 C204 (Oxe!-ete) uglmL nla nra nra nla Wa
34 P ug/mL n/a nla da nfa 275
35 P04 (Phosphate) uglmL Wa rda n/a rVa rsla
36 Pb ug/mL tia n?a nfa nra .5.
37 .51 rrg/mL tia rUa nra rrla 15
38 Sn u@mL tia nJa nra rrla ’23
39 S04 (Sultsle) ug/mL nra nra ria da nla
40 Sr uglmL nra n/a nla nla 6520
41 n srg/mL tia rVa nfa rr/a <1.5
42 v uglmL nra nla rsla da <1.4
43 Zn uglmL rsla nra rda nfa 25
44 Zr ug/mL nfa da nra nfa 32
45 Total Organic Carbon , ug/mL hfa da n/a n.ra nfa

‘= .<,-”.

4s Total lMIW@C CSdSOn u@nL rda n/a rda da rafa
47 SuspendedSofids VA% rda da nfa tia 1.75
48 Total solids w? da n/a rsfa nfa 37.72
49 Masn P@”de Size by Volume micron da da nra tia nra
50 Meen Perlide Sk bvNumber micron n/a nla rifa da n/a
51 Kklematlc VISCOS.W cerstistoke nla 2.41 ria ria Wa
52 DyrsamfcVicasityl Consistency CP nla 3.05 tia nla nfa
63 Camment First Satch Made Second Satch Mada

Table El: Analytical – All data, “Page4
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Pilot X-flow: EnvC+ES+Sr/TRU Page 199 of 256 BNF-O03-98-0226
Revision O

AB I AC AD AE AF AG AH

1 TEST RUN ------------------------------------------>: mid 1.08 mid 1.08 mid 1.08 mid 1.08 mid 1.08

2 f3NFL Sample ID ---------------------------------->> NIA NIA Prefix_l 1 Prefix_12 Prefix_l 3

3 ADS Sample ID -------–----------------------->> NIA NIA 3-135893 N/A 3-135894

F4 lType Sample -_----------:_:>~_----__._..>~ slurry I filtrate I slurry I slurry I slurry
--- .. .. ....-

DENSITY & VISCOS17Y I MICRO;RAC I TS/SS-VISCOSllV I T~~

9 Al ug/mL nla rr/a tia rVa rva

10 8 ug/mL nla nla rVa da da

11 Ba uglmL rr/a tia da rVa nla

12 Ca ugfmL rr/a nla da n/a rr/a

13 cd ug/mL n/a n/a tia n/a da

14 c1 u@mL n/a nJa tia da nla

15 Cl Sample uglmL tia da n/a rVa nla

16 Co uglmL rda nla n/a da n/a

17 Cr ug/mL rr/a nfa nla da tia

18 Cu uglmL nfa tia tia rrla nfa

19 F (Ffuoride) [not acx?urate] ug/mL rVa ria tia tia da

20 F Sample (more accurate result) ug/mL da da rrla da nla

21 Fe ug/mL rrla nfa tia n(a nla

22 HCOO (Formate) ug/mL da n/a da n/a r-da

23 K uglmL tia n/a nla n/a n/a

24 La ufjmL rVa tia . ria nla n/a

25 Li u@mL nla tia rrfa n/a rr/a

26 Mg ug/mL da tia tia tia n/a

27 Mn ug/mL da tia nla nfa tia

28 Mo ug/mL tia n/a n/a n/a nla

28 Na u@mL tia n/a rVa n/a da
w Ni u@mL n/a n/a ria tia n/a

ite) ugfmL rUa da rda ria rVa

.-. ..-,. .,= ate) ug/mL nla rrla da rUa da

83 C204 (Oxalate) ug/mL rUa n/a nfa rr/a n/a

34 P ugfmL da fla ria n/a da

35 P04 (Phosphate) ug/mL n/a nfa n/a tia nla

36 Pb ug/mL n/a rrfa n/a rr/a nfa

37 Si ug/mL rVa rda tia nla rr/a

38 Sn ug/mL rda tia da ria n/a

39 S04 (Sulfate) ug/mL rVa nla rda da n/a

40 Sr ug/mL n/a n/a nla nla rr/a

41 Ti uglmL nla rr/a rVa ,’ - - n/a ‘“ nfa

42 v u@mL rla rda nla da r-da
43 al ug/mL rVa n/a da da t-da
44 Zr ug/mL rVa nla tia rr/a rr/a
45 Total OrganicCarbon u@mL n/a tia da rla nla
46 Total InorganicCarbon ug/mL ria rVa tia rr/a nla
47 Suspended .ScJids w+% Ma tia tia 8.75 10.11
48 TotalSolids M% da nia rr/a 40.73 41.51
49 MeanParticleSizebyVolume micron tia tia 1.763 da da
50 MeanParticleSizeby Number micron nla n/a 0.98 Ma n/a
51 KinematicViicos”Q cenfistoke tia 3.01 ds 5.5” - nla
52 DynamicViscoswI Consistency CP n/a 3.84 da 7.4” da
53 comment high pH diiuentlsonication ●Consistency

Table El: Analytical – All data, Page 5
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Pilot”X-flow: EnvC+ES+Sr/TRU Page 200 of 256 BNF-003-98-0226
Revision O

Al I AJ AK AL AM
1 TEST RUN

AN AO
—...-—.-—-.-——.—-.—> end 1.08 end 1.08 end 1.08 end 1.08 end 1.08

2 BNFL Sample ID ----—--—----——>> WA WA Prefii_14 Prefix_15 Prefii_l 6
3 ADS Sample ID ------- —.—-.— >> WA NIA 3-12S895 NIA 3-12.5896
4 Type Sample --—--—--——— —>> slurry filtrate slurry slurry slurry
5 Semple Size —-—..—-->> mL 100 returned 100 returned 15 250 15
6 Measurement(a) Made —-——->> DENSI’W ONLY DENStTY’& VISCOSIW MICROTRAC TS/SS-VKXOSllY -rSrss
7 Item Measured

-- w.—.~.:.:. -..
Units ~

~ ~ .A~— — —..—
.. . . ...-<. ... . . . .. . .. . .. ...4. .,:.’. . .. . .. . .....=.... .. +,,. . .. ... .,,,. ., ,.-. . . .

8 DensHy glmL 1.459 1281 1.459
9 Al

1.470 1.459
uglmL rrla da rrla nfa n.fa

10 B ug/mL nla da da n/a rfa
11 Ba ugfmL rda n/a da rtla rVa
12 Ca rrglmL rVa tia rda tia tia
13 Ott ug/mL rda nla nJa n/a da
14 cl uglmL n/a nla da n/a da
15 Cl Sample uglmL rda da n.la n/a nla
16 00 u@mL n/a da n/a rrfa da
17 Cr u@mL nfa tia rda tia tia
18 Cu ug/mL nla nla n/a rrla rda
19 F (Fluoride) [not accurate] ug/mL nfa Ma rsla nla rda
20 F Sample (mor.sacunate resutt) uglmL tia rrla rda tia n4a
21 Fe uglmL rrla n/a nla rda n/a
99 1+~0 (Fomlate) . ug/mL rrla nla tia rrla

K
rda

ugfmL rda n/a rVa nfa Ma
“.s ug/mL nla n/a da “ da
J

rda
ug/mL da tia n/a n/a

Ag
n/a

ug/mL tia tia n/a n/a
An

n/a
uglmL n/a n/a tia tia

lfo
tia

u@mL nla n/a rVa “ rda
la

tia
uglmL rrla n/a n/a nfa

U
rda

ug/mL tia da rr/a da nla
g ug/mL rr.la nla da rda rda

rVa da nfa n/a n/a
C204 (Oxalate) I ugfmL nla rda nla tia
P

rda
udmL da -n/a da da rlkl

El

,. ..--r ..-.-, .-w . . ..- n/a nla . n/a
~b

tia nla
I ug/mL da nla rda rda rafa

;1 ugJmL rrla n/a da rrla da
nla da rsla da rrla

I I ug/mL nla n/a nla rda tia–,.,,, UW,,lL Na Na
Ill

sva rva rva
ug/mL nla nla rrfa rrla da

“v . . ...._ - ug/mL rrla rda tia tia rr/a
. . “- rrg/mL rr/a tia nla rrfa rda

tmfm!. rrla n/a rda rrla da
nla rrla da rVa rda

Table El: Analytical – All data, Page 6
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Pilot X-flow: EnvC+ES+Sr/TRU Page 201 of 256 BNF-O03-98-0226
Revision O

I I AP I Afl I AR I Ac I AT I Al ! I Ail [. .- ,.. . ,.-
1 TEST RUN ---------------------------------------->>

,., , .W n.
end 1.08 end 1.08 1.10 1.10 1.10

2 8NFL Sample ID ---------------------------------->s Prefix_COIL fWA Prefix_17 Prefix_18 Prefix_19

3 ADS Sample ID -----------—--------–------->> 3-135942 NIA 3-135938 NfA 3-135939

4 Type Sample --------------------––--–––---->> slurry from near coil slurry ff

5 Sample Size ——--—— I mL 15
6 Measurement(s) Made -—~—-—--->>

125 I 15 I 250 I 15
TSISS TS-VISCOSllY MICROTRAC TS/SS-VISCOSll_Yl TSISS

7 Item Measured I
~,,-.:7 ,;,3y:--+:,~~$: *_Units ;’.~ .... . ..... ... ,:. .~. , “,‘ , ,,-::; :~y.~” =TZ-=’’’=:=ti:::~’.~- , .. . .. .. .....’......,<?, .. . . ... .. .,:*::$$’<>m:”?’ ;~7~&T’.3WX?5.-

8 Density g/mL I nla I n/a I 1.380 I 1.393 I 1.360

rom near coil I slurry I slurry I slurry I

9 Al uglmL da n/a tia nla n/a

10 B ug/mL nla nra nJa da nra

11 Ea uglmL nla n/a da nla da

12 Ca uglmL nra n/a nla nla nla

13 cd uglmL da n/a nra n/a rVa
1A c1 uglmL tia n/a nla n/a rbra

uglmL nra nfa nfa nfa nla
ug/mL n/a nla rVa da ria

17 lCr uglmL n/a n/a tia nJa nfa
lmL n/a rr/a nla nra rVa

I uglmL n/a n/a nra . nla nra
result) ucr/mL nra da da da nla

15 ICI Sample
16 Irn

L nra n/a rVa rs/a rara
+(XCI (Formate) ug/mL tia da
<

da tia da
uglmL tia nra ria n/a n/a
ug/mL da da da nla da
uolmL nra tia da nfa nla

L nla da nfa nla n/a

24 La
25 u
26 Mg ug/mL
27 Mn ug/mL I n/a I nra I da I da 1- in/a
28 Mo uglmL n/a da n/a n/a
29 Na uglmL
30 Ni ug/mL I rVa I da I nfa

,. :
I da i

31 N02 (Nftrite) ugImL tia
32 N03 (Nitrate) uglmL
33 C204 (Oxe!ate) ug/mL
34 P uglmL

43 jZn
44 lZr ! ugml
45 lTotaf Organic Carbon

L I n/a I n/a I n/a I da I rara I
--- ..-

..- n/a I n/a I nfa I n/a 1
L rsla nla nra rda n/a
L da tia nfa n/a n/a
~ da nra rUa n/a tia

35 P04 (Phosphate) uglmL n/a rVa n/a da nfa
38 Pb ug/mL n/a nra nra da
37 Si

rda
ug/mL n/a da rVa rVa rbra

3a Sn uglmL n/a nra n/a nra nla
39 S04 (Suifate) uglmL nra n/a n!a rbra n/a
40 Sr ug/mL nra nla da ria n/a
41 Ti uglmL da nra nla

. . .
ria

42 v
da

ug/mL n/a ria ‘-nra ria nra
uglmL n/a n/a n/a n/a n/a

. .
n/a nra nfa ria ria

ug/mL tia nra nra . n/a nla
46 Totaf Inorganic Carbon ugfmL Ma nla nfa n/a da
47 Suspended solids WI?? 17.15 not measural 14.25 11.60
46 To&f Solids Wt% 48.43 49.8a n/a 44.14 45.02
49 Mean Pm”de Size by Volume mimon n/a da 1.543(857.)/6.411(15?4) rara rJa
50 Mean PW”cle Sff by Number mlam nra tia 0.795 da nla
51 Kinematic Viimsity cantistoke nla 15.8”
52 Dyne

rJs 8.3- nra
mic Viicosily / Consistency CP nla nra

,ble I rbra I

I 23” I n/a I I
I ~ lComment

11.6” _
I I “Consistency \high pH diluerstkonkation “Consistency

.-..

Table El: Analytical – All data, Page 7
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Pilot X-flow: EnvC+ES+SrlTRU Page 202 of 256 BNF-O03-98-0226
Revision O

I AW 1 Ax I AY I /42 I BA I 00 1

I ITEST RUN--—----–-—-----–---------------A
I B-

1.10 i In WARP! * i WACJ+1 I WA!H

ample SJZ ______ —->> I mL I 15 15
“(s) Made ---——--—-------->> lcP-E.S/lGANK

.-d Units z. : s-y-:,,~: ..,; ,;.- ,, ,- ~,:,:.z,v...- ,.,.. ,. ..,=... ..-,,,:..,,<. .G,-- .,J..=__
u uensny glmL 1.27&

. . .. . . . .
1.276*

9 N
1.127 “1.127-” 1.127

ug/mL 224 n!a n/a
10 B.

tia 96
ug/mL 22 O/a nla

11 Ba
tia 6.4

ug/mL 4.02 da tia
12 Ca

tia 0.14
uglmL 132 n/a nra

13 cd
n/a 65

uglmL 4.02 n/a
14 c1

n/a nfa 4.02
ug/mL 1517 Ma n/a da

15 Cl Sample
508

ug/mL da 1383 nla
16 co

nla da
ug/mL 4.05 O/a tia

17 Cr
da 4.05

ug/mL 0.62 da n/a
/mL

tia
12.6

0.32
n/a rda n/a 9.18

I ug/mL z
18 Cu ! Ugl
19 F (Fkrorfde)[notaccurate] 233a I nla I tia I tia I
20 F Sample (more accurate result)

, -.– 921
uglml ..,,. a.. 1 ,– ..

21 Fe
da

ug/mL I 29.5 I n/a I n/a I nla !
22 HWO (Formate)

7.32
ug/mL 685

23 K
,. 2896

L ! Ilid I <00 I rva I f%~

62 tara O/a rr/a :

I rJglmL nla 1157.35 ola nfa
ug/mL 0.82 tia rrla

fmL
nla

4.7
0::4

tia n/a n/a 0.10
! ug/mL 0.6 nfa n/a

“L
tia

15.3 rVa
4.09

da nfa 11.6

25 u I Uah
26 Mg
27 Mn ugmt
28 Mo ug/mL I 20.7
28 Na ug/mL . I 1265
341 Ni uolmL I . m
31 N02 (NM-
32 N03 Nitrate I I

——
ug/mL 132835.= C2- !.- .).

34 P
35 P04 (Phosphate) I ugrmL
36 1%

ite) I uglmL I 3

I da I n/a I tia
500

8.6
nla nia nla 57551

;7 I nla 1 nl= I n/a 123

nfa 14371
-8080

87 n/a tia r
> n/a rda O/a

?04 (Oxalate)
a

I uglmL 909 da tia n/a 3241
uglmL 269 n/a tia da

‘L
114

1142 rVa tia nra ~-- I
Yw

I ug/mL I .33.5 I rtfa I da I n/a I 4.6
“5

26
Si I uglmL 13 tia n/a n/a 4.t

~ CQ.4 n/a nfa O/a .dM
~ulfate I ug/mL 4572 nla n/a nfa 1993

‘mL 87 nfa tala tia 47.1
4.05 nfa ..-...nfa,. n/a 4.1

I
4.12 tia O/a nla

16
4.1

nfa nla
2.7 tia n/a ;a I L

14 I
13

Ma I 6.4
D.26

I n/a 1- 10500 I tia ria I
nla

nra
. -= ...-

bwas I w’ ,Olb I
Wt% I nfa

Na
! nIa I nla I,–-,.... . 16.86 nla

nla

I 10080 I da I da I rua
70 I Na nla da OJ -

–, I

? micron nla n/a da ria 1
r micmn da ria rda rda nra .

centistoke nfa n.fa 1.33 O/a

v CP tia
n/a

nla 1.50 tia - nla
●J---.A. --., —-.-2 .-, .-., L------- .– J

!.?.4,Uw,,,, ,,w,, I I uellMLy esuliliueu f ‘uensy esumaIea I I 1 I

Table El: Analytical – All data, Page 8
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Pilot X-flow: EnvC+ES+Sr!TRU Page2030f256 BNF-O03-98-0226
Revision O

I I Rn I RF I RF I Rr? I Ru I nl I RI i-- , -- , .-
1 TEST RUN ------------------------------------------>>

-r . “,

W~SH 1 WASH 2 WASH 2 WASH 2 WASH 2
2 BNFL Sample ID --------------------------------->> Prefix_22b N/A Pretix_23 Prefix_24a Prefix_24b
3 ADS Sample ID ------------------------------------>> 3-136213 NIA 3-136214 3-136215 3-136216
4 Type Sampfe ------------------------------------->> tiltrate filtrate filtrate filtrate filtrate
5 Sample Size ---—---------------->> I mL 15 10+3returned 15 15 15
6 Measurement(s) Made ----------------------->> AA/TIC-TOCilSE DENSIN & VISCOSITY .TsISS ICP-EWC-AFUONS ANTIC-TOCIISE
7 Item Measured Units $~<~3~S~.3%:~;%7;YZ.X$Z2-p;:F*X?--v-TTr’ “;~.ZZT.’..,, .,.,.J.,... ~- -I ..,;..=. .*@. ,. 7,...,>. .. .. ..?..,,, .,.
8 Density g/mL ! 1.127 1.059 1.059 I ““” .-’ ““1.059 1.059
9 Af Ugln da
10 B 3.20 rVa
11 Ba I uglmL I rda tia I n/a 0.05 nfa
12 Ca ug/mL n/a n/a rVa 26 nfa
.“ n.

mL I n/a I n/a I n/a I 36
uglmL n/a da tia

ug/mL da n/a n/a <0.02 n/a
14 Ct ug/mL n/a nfa r-da 229 tia
15 Cl Sample ug/mL 546 n/a rrla nla 224
16 co ug/mL tia rr/a n/a <0.05 n/a
17 Cr
18 Cu da
19 F (Fluoride) [not accurate] Ugfl 360 ria
20 F Sample (more accurate result) uglmL 78.11 n/a tia n/a
21 Fe

40.25
ug/mL nla n/a nla 2.1 da

22 HCOO (Fonnate) ug/mL n/a nfa da 1106 nla
23 K ug/mL 436.67 tia. nfa n/a 168.82

mL n/a n/a nla 0.08

I uglmL rda tia n/a <(

I uglmL tia n/a tia 0.14 tia I
ug/mL da nla tia 3.9

“mL tia n/a nla 3

12511J
I n/a

:0.1 n/a

1 ug/mL tia tia nla 9.3 I da I
“mL n/a nfa tia 3.2

a ug/mL nla tia nia 25

! ug/mL ! nla I tia ! nla I 21716

I 35 IP04 (Phosphate) I ug/mL i n/a nfa tia I 437 I n/a I

\ uglmL ! nla ! rrla ! nia I 2.0
36 Pb i ug/mL I nfa i nia I n/a I 4.6 n/a
37 Si da
36 Sn ug/mL n/a n/a nta <0.26 n/a
39 S04 (Sulfate) ug/mL nla nla n/a 770 n/a
40 Sr uglmL n/a nla n/a 19.3 n/a
Al 1-i. . ..
42 v
43 Zn I ugm
44 Zr ug/mL I n/a nJa I n/a 0.06 I I

I ug/mL nla n/a nla 4:44-- -. n/a I
ug/mL tia nfa n.ra 4.13 I n

“nL nfa nfa tia 3
ia

3.2 I n/a
tia

n/a nla I da 4408
96 n/a tia nla 4038

I w’% I tia tia 4.0(
V/t% n/a da 7.60 I

j SWids
s

45 Totat Organic Carbon I uglmL I 5428
46 Totat Inorganic Carbon uglmL 76~

47 Suspended
48 TotafSotids
49 Mean Particfe
50 Mean Pa
51 Kinemati(
52 Dynamic . . .
53 Comment

001 I n/a i n/a I

I rva I ria
?Size by Volume I micron ! da I da ‘1 n/a rJa n/a

irticle Size by Number
ic Viscosity I Wllll>lutie I IUa I 1.15 I rva I I
: Viscasity / @nsistency I -n

ma Na
I -,.. . me - ,. t-da “/5 I

I I I , -T I

I micron I tia I da I tia ~ nia I nfa
---.: -.-,.- - ,- . . . .,. I

I Lr 1 I I/d I 1.La I qra 1 ,.a

I

Table El: Analytical – All data, Page 9
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I I BK J BL BM BN BO I BP I pn I
>>,.....— WASH3 WASH 3 WASH 3 VJIWH St Wl!

e ID ---------- —-—-—>> N/A Prefix_25 Prefix_26
M-l—-------- —-.-__>, Nlb %3 Ql19K9 CL*CIG9K,

I 4 lTvue Samt)le —----—---— ----- —..>> I filtrate I filtrate I filtrat,a

!
1 TEST RUN -------------— -------

.=

I . . ..-. .- I ..ASH4
2 BNFL Sampk Sa Prefix_26b N/A
3 ADS Sample .- . . , . . . . I “ ,“”’-”’- 1 “- .“.&&l 3-136264 I WA

. ----- . ----- , ...----- filtrate tiltrate
5 Sample Size —-----——-->> mL 100 returned 15 15 15 I 100 returned
6 Measurements\ Made ------—-—.. I 13ENSYIV8 VISrYiSIW i TS/.S~ I lCP.FS/lPhiNIIINC A

7 Item Measure
8 Density I glm 1 nlR I i nln I i mm
9 Al Ugrrr
10 B
11 B
12 Ca I Ugh’r
13

.,-, ..——— . . I------... .-----... .. --- ---- .. ....-..w, “.
3d 1 units ~~-’d~ .4- ..=

IL 1.018 1.018 ----- ..” ... . .“””
nL n/a ria 11 tia tia

I uglmL nla n/a 1.1
\a

da n/a
ug/mL rr!a nla 4.01 n/a tia

nL nla n/a 7.6

\ cd
da n/a

u@mL tia da
14 c1 .

4.02 tia nla
u~mL da n/a 83 rt/a tia

15 Cl Sample uglmL tia da tia 86 n/a
16 co ug/mL ri/a tia CO.05 nla
17 Cr

n/a
ug/mL n/a . n/a -=0.1 tia da

nL n/a nla 1.3 da tia
-=. nL# rr/a n/a 115 “/s “ /?!

result) ug/mL tia n!a tia 1
ug/mL rr/a n/a 0.4 Wa I

Bte) uglmL rrla tia

18m 1 Ugh
19 F (Fluoride) [not accuratel tInflr
20 F Sample (more accurate
21 Fe
22 H(X3O (Fotrru
23 K I uglmL
24 La uglmL
26
m.

nla
n/a k

27 M
26 Mo I ugln
28 N
30 Ni I ughr
31 N02 (Nitrite) ugln
32 N03 (Nitrate~
33 0204 (Oxalate) ugh
34 P ugkr
3s ?04 (Phosphate) ugln
36 Pb t10III
37 SI
!ln sl

.“C. I ,.=

1275 tia I
da –1

u uglmL nla n/a 4.1 tia

1.“ Mg uglmL tia tia 4.09 n/a
h u@mL tia n/a 2.40 n/a 2

IL rr/a rr/a 1 tia
la

n/a
I ug/mL n/a n/a 8245 tia nla

TL nfa tia 14 n/a
IL n/a n/a 16

I u@mL n/a Ma 64
IL tia n/a 2798 I
IL rtfa n/a 7
IL tia n/a 19:

-=..IL tia
i

nfa CL... 1 ,.,.
I ugfmL tia n/a 1 tia

n ug/mL rt/a rt/a 4.26 I rr/a I ._ n/a
IL da nla 91

i I uglmL I tia .

tia
528 I n/a n/a
406 tia n.la

tia da
, rr/a Wa

;.00 I n/a da
nc d= rr/a

tia

r I uglmL I nla I tia I 4.05 I tia 1
otal Organic Carbon uglmL n/a tia nfa 2280 r

i tia o.a
da .....0 L.-” , .“- 1 . . . I

ume I micron nla. n/a n/a n/a
lumber micron nla da I nIa I nfa I Na I

tia
I nfa I da I tia I 1123 I n/a

354 (?) I nla tia da
9 m nla I “IO 1 rt/a

da

.._- .-— ..- ..- , “.,

IlyIWlsiltlttwlvy I w- 1 1.00 n/a ~.-

103 pxnrnem I I I I I,,

I 0.98 In/al nfa I nls I n.98
va I rtra I 0.99 I

Table El: Analytical – All data, Page 10
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BR BS BT BU BV BW BX
1 TEST RUN –---------–---------------------------->> WASH 4 WASH 4 WASH 4 Pre 1.15 Pre 1.15
2 BNFL Sample ID ----------—-----–------------->> Pretix_27 Prefix_28a Prefix_28b Pretix_29 Prefix_30
3 ADS Sample ID ----------------—--------------->> 3-136255 3-136256 3-136257 3-136258 N/A
4 Type Sample ---------------------------------------->> filtrate tiltrate filtrate slurry slurry
5 Sample Size —-------------------->> I mL 15 15 15 15
6 Measurement(s) Made ----—----—--—-->>

250
TSISS ICP-ESAC-ANIONS A/VTIC-TOCllSE MICROTRAC TSISS-VISCOWY

7 Item Measured Units ~F~-F*T?~~c~.P~~~2?~~~$?~?; :,y:~r..- ,*..%,’+i,$,,-. ‘~- >~<~~::~-y

8 Density
..-.2 m. :..F-...,.,. -. +. . .-.-.,.’%Y. ---iw ~?-:..-.

g/mL 1.W9 1.009 1.009 nla 1.148 “
9 At ug/mL n/a 6 nfa tia
10 B

nra
ugfmL rVa 0.5 tia n/a

11 Ba
n/a

ug/mL nla <0.01 nra da n/a
12 Ca ug/mL nfa 3.6 nla n/a
13 cd

nfa
ug/mL n/a <0.02 n/a nra

14 c1
rda

uglmL n/a 61 nfa nla rrla
15 Cl Sample ug/mL da nla 33 n/a
16 co

nla
ug/mL n/a “ <0.05 rrfa tia

17 Cr
nra

ug/mL da <0.1 n/a rrla
18 Cu

nfa
uglmL nla 0.72 nla nra da

19 F (Fluoride) [not accurate] ug/mL da 56 nla nla nla
20 F Sample (more accurate result) ug/mL n/a nla 6.1 nra
21 Fe

da
ug/mL nfa 0.24 nla nra da

22 HCOO (Formate) ug/mL n/a 155 nla
23 K

tia rr/a
uglmL nla da 27.82 n/a

24 La
nfa

uglmL nra <0.06 rVa n/a nfa
<0.1 n/a nfa n/a

4.09 nla n/a nla .
1.61 nra nla da
0.48 nla nln Ills

25 f-i ug/mL da
26 Mg ug/mL da
27 Mn ug/mL n/a
28 Mo ug/mL ria
29 Na uglmL n/a

,...

30 Ni
tia

ug/mL nra 6.8 I nla I n/a I n/a
31 N02 (Nitrite) uglmL tia 753 tia
3

n/a n/a
3313 U —,— f .,.

da
‘W IC204 (Oxalate) I ug/mL I nla I

.._—

341P
nla

ug/mL da
. .

Ma

12IN03 (Nitrate) i ug/mL I nla I

4550 ! da ! da I

wa r
1367 nla : r

2.7 nfa nfa

15 IP04 (Phosphate)

r

ug/mL I nfa 1 141 nra da nra I
4.6 n/a rara r

,7 I tia I nra I I
tia n/a I

----

s
36 jPb I ug/mL I da I
37 Isi ugfmL da 0.8

=

tia
tia
nJa
./s39 S04 (Sulfate) . ug/mL I nra I 189

40 Sr uglml
41 Ti ug/mL .._
42 v

,“a
ug/mL tia

43 Zn
da

ug/mL n/a
44 Zr

tia
uglmL n/a zra

45 Total Organic Carbon ug/mL n/a
46 Total inorganic Catbon

Va
uglmL nIa da

47 Suspended Sofids w% 4.0001 ..- ! ,7.53
48 Total Solids

..-
wt% 1.37 da rr/a nra 18.94

49 Mean Particle Size by Volume micron rVa tia nta 1.435(90%)/5 .570(1o%) nla
50 Mean Particle Size by Number micron rrfa tia n/a 0.96 nra
51 Kinematic Viscosity centistoke nla nla ,– -i.&

da n/a
I 38 lSn

r
I ug/mL n/a I 4.26 nla n/a r

n/a n/a I
L nra 2.8 da
L

nra :;
I da I 4.14 rVa t “/=-. “/=

<0.13 rda nra I n
0.5
4.05

nra I 13/1 ! Na I n
n/a
nia I nia I

I 661 I n/a I I
da ‘r.

I I I
521

Na Na

Dynamic Viscosity / Consistency
3,

I CP I tia I da da nra
53 Icomment

4.1”
I l~gh PH diluentlsonication I“Consistency

Table El: Analytical – All data, Page 11
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BY I Bz CA CB cc CD CE
1 TEST RUN --—---—--—-—-——>: Pre 1.15 Pre 1.15 Pre 1.15 Pre 1.15 Pre 1.15
2 BNFL Sample ID -———--- —-—->> Prefix_31 Prefix_31digestl Pretix_31digest2 Prefix_32a Pretix_32b
3 ADS Sample ID -—--------—---—----->> 3-136259 3-136260 3-136261 3-136262 3-136263
4 Type Sample --—-----------—---—->> slurry slurry slurry filtrate filtrate
5 Sample Size --—-—---
6 lMeasurement(s) Made -—--
7 Illen

-.>> I mL I 15 I 15 I 15 I 15 I 15
—-—---->> TS/SS I lCP-ES/fGANIONS /VvTIGTOC/fSE ICP-ESJG4NIONS ANTIC-TOCYISE

n Measured Units [..}.;&K- .“’,~..,;:;~~:fi~-l, ‘: :,: @ ~-,. .!:~~~;;:j:,::: ~ -’-::.: --’’----
8 Density g/mL rbra nla tia rara
9 Af

nra
ug/mL nla 236 nfa

10 B
7.6 n/a

ug/mL rr/a &l rVa
11 Ba

al tia
ug/mL nla <10 da

12 Ca
4.1 rr/a

ug/mL nla 1560 tia 3.9
13 cd

n/a
rrg/mL nra & n/a

14 cl
4.2 nla

rrg/mL Ma 71 da 84 nra
15 Cl Sample uglmL rrla nla 51 nra
18 co

43
ug/mL nla <5 nra

17 Cr
<0.5 nla

uglmL n,ra 88 nfa <1 nra
ug/mL rara 30 n/a 0.8. . nfa18 Cu

19 F (Fluoride) [not accurate] I Ug/inL I rr4a

20 F Sample (more accurate result) uglmL da ,
21 Fe

---- ---

I ug/mL I n/a I 7850 nfa I 4.6 ii i
22 HC

1 I 23 I nra I 83 I da

i n/a 7.65 nra 1=. I
~0 (Fonnate) . I .rrg/mL ! nra i 1002 da I 174 I n/a I

23 K ug/mL rr/a rr/a 88.51 nfa
24 La

31.06
ug/mL da 212 nra

25 u
cO.6 nra

ug/mL tia <lo rr/a <1
26 Mg

n/a
ug/mL

27 Mn ug/mL n/a I 22
28 Mo ug/mL n/a
29 Na ugImL rr/a
30 Ni uglmL n/a
31 N02 (Nitrite) ugrm
32 N03 (Nitrate) UgfML I rva I
33 C2(

H=24P
35 Po
2SP

I rva I 115 n/a 4.9 tia
100 rla 0.7 rara

L <10 nra <1 Wa
9675 nfa 4895 rr/a
40 rara 7.9 nra

nL da’I 938 nfa 848 tia
4112 nra 36a9 tia

KM (Orralate) ug/mL rrla 2107 nra ‘ 1701 nfa
ugImL tia & tia 4.8 tia

4 (Phosphate) ug/mL nra 141 rr/a 145 nfa
‘D ug/mL nra <60 n/a ‘c8 rara
;1 ug/mL tia 119 nra <1.3 da

ug/mL nra 46 nfa 42.6 nra
4 (Sulfate) ugImL tia 214 .nra 199 nfa

I Isr u“” 3 rara
[l-i

3.3 nra
u_ -. tia

“f
<1.4 rara

u IL I da I <13 tia <1.3 n/a
h u IL rrfa 89 da e!?7 ‘ I da

39 S(34
a!_

JwmL I nla I
41

545X
~mL nla .<14

42 v !31!l
43 z Jg/m_
44 Zr

..- —.. ..-
ugfmL da 2& nfa 4.5 da

45 TotafOrganic carbon ug/mL rara nra 20390 nfa 1374
48 Total Inorganic Carbon ugImL rara nra 10265 rara 866.
47 .$$usf)fmded Solids w% 14.62 tia nra rara nla
48 ToW Solids w% 16.Z
49 Mean ParticleSi by Volume micrun nfa
60 Mean Particle Sii by Number micron
51 Kinematic Viicosity cantisfokt
52 Dynamic Viscosity/ Cansistem
53 Commer*

2 nra nra nra rbfa
nra n/a tia @a

nfa rara tia nra da
-- -. e tia rrfa tara nra nfa

ra$ I CP rVa nra rr/a n/a nfa
,,.

Table El: Analytical – All data, Page 12
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I I -------- . 1 , “o, ,

? BNFLSamplelD --—------------------------>> Prefix= stl.15a I Prefix_Wstl.15b I NIA
I lADSSample lD----—---------------------->>l NIA I 3-136264 fVA—

I CF I CG I CH I c1 I CJ CK CL
I lTFSTRI IN--.--__ .J._--..---..---–--. -.-–---.J

CM
D,-.e+ 1.15 Post 1.15 1.16

z
1.17 1.18 1.19

NIA
3

NIA Prefix_33

NIA NIA
4 Iype Sample -------–---. ---------------------->>

136889
thick Shlry thick slurry slurry slurry slurry

5 Sample Size ----------------------->> I mL 250
slurry

15 100 returned 100 returned 100 returned 15
6 Measurement(s) Made --------------------->> TS/SS-VISCOSllY TS/SS DENSllY ONLY DENSITY ONLY DENSllY ONLY TSISS
7 Item Measured I g/mL ~;_.’~~~~}i~SWy~;.&;Q. w‘= .-.+
R nnmc;k,

.-h+&,.. i%3%Z%%F?%?$%%=’ “ ‘:-: :~::~
,.”1-! . ? 1.016 0.998 1.029

nra
0.999

tia nla nla tia tia
n/a nra nla nla tia tia
nla tia da da tia tia
rrla nfa da n/a nla da

“ “.,, ,.,,., uy,,,l-

9 Al uglmL r
10 B uglmL r
11 Ba ug/mL r
12 Ca uglmL
13 cd u~mL ia tia nla tia
14 c1

da n/a
u@mL nJa n/a r-bra n/a n/a rda

15 Cl Sample ug/mL da n/a n/a nra
16 Ca

nla nla
uglmL da n/a nla n.ra

17 Cr
n/a rVa

ug/mL nfa tia Ma da
18 Cu

nla n/a
ug/mL n/a da da tia rrla nla

19 F (fluoride) [not accurate] ug/mL rVa da n/a tia. nla nla
“ IL n/a nra n/a n/a tig nfa

IL ! rVa I nra i ria I da I ti~. In/a I

20 F Sample (more accurate resun) ugml

21 Fe u@mL I tia ! rr/a I rVa I nla I tia I nla
22 HCOO (Formate) uglml

I

23 K ug/mL I nla ! n/a I da I
24 La

rara r-is I n/a
Ugl

[

25 Li ug/mL ! rVa ! rVa I n/a I I I
26 Mg

nfa nra tia
ug/ml

1

27 Mn ug/mL I rda ! nra I r-da I
28 Mo

da tia I n/a
ug/mf

[

m N. ,,”/,”1 I “/1
I tia rda I tia I tia I nra I

JmL I rVa I nfa I da I tia -1 da Id=l

IL I n/a I n/a I rrla I tia I nla Ire-l

IL I nfa I n/a I nfa I da I da Iml
- ,,= “~,,!l- ,“a
343 Ni ug/mL tia n/a nla n/a
31 N02 (Nitrite)

rVa n/a
ug/mL nla tia da rda da

32 N03 (N@te)
nla

ug/mL nta n/a da nla tia
33 C204 (Oxalate)

n/a
ug/mL nra da nla

34 P
rrla nla tia

ug/mL n/a nla da nla da rVa
35 P04 (Phosphate) uglmL da n,ra nla
36 Pb

tia nla n/a
ugrmL n/a nla nra

37 Si
nra nla da

ugfmL nfa nla n/a
36 Sn

nla tia rta
ugrmL da rVa n/a tia nla nla

39 S04 (Sulfate) ug/mL rara nfa n/a rrla
40 Sr

da nra
ucr/mL n/a da da

41 Ti
tia tia n/a

ug/mL rVa. rVa nta
“f

nla nla n/a
uglmL n/a n.ra nia~: .- n/a

In
r-da nfa

uglmL da rVa nla da da
IIzr .

n/a
ugrmL nla nfa nfa rr/a nla da

i Total Organic Carbon ug/mL nra— n/a n/a nla nJa tia _
lanic Carlmn w. Ma nra da nla da d
iSotids VA% 37.s7 ? tia nla da _@.o

45

46 1otal Inorgi

47 suspended
la
)001

46 Total %fids I m-kxon I 40.s4 I 3218 nra rVa n/a 0.014
49 Mean Particle Size by Volume micron tia tia n4a tia r-da
so Mean Particle Size by Number

n/a
I centistoke I nra n/a rl/~_ tia da n/a

51 Kinematic VkOs”~ CP ? nra nla nra I rVa
52 Dynamic Viscasityl Consistency

n/a
CP 24 tia Ma n/a nra nla

S3 Comment couldn’t suspend

Table El: Analytical – All data, Page 13
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Figures El and E2 show some aspects of the slurry rheology. Figure El shows the
Apparent Viscosity of the slurry versus the Shear Rate and Fig. E2 shows the Shear
Stress versus Shear Rate. Data are only shown for the slurry when it reached the point
where it exhibited non-Newtonian characteristics. That is, the slurry used for test runs
from 1.01 to 1.07 are not shown because with an insoluble solids loading of
approximately 2 wt?/o the slurry theological characteristics were close to Newtonian.

100ooo —

1 = Run 1.08( 9 w% insoluble &41 V.T% total solids)
2 = Rum I.Ilt ( 14 wL%insoluble&44 WI% totalsolids)

1 3 = Run 1.15(18 W% insoluble & 19 wt% total solids)

100QO - *

:L-

.$= Run 1.0S (22 WI% insulubk & 27 wl% lwd solids)

5 = Run 1.15 (37 vW% insoluble&41 W% tesal solids)

IQ, Yield Stressg .
g 1000- +-

5
E “.

“k

+

($
?..

~ 6s4 dylW3km*

r==--..-%;~’ >4
100 .

●●$23

55 dylleskln’

I
9 dymesknsz

10 -—- — 22dynesfcmz

I ‘>
o 102 200

3 dymeskmz
m

Shear Rate, Seconds-l

Figure El. Apparent viscosity of Envelope C + Entrained Solids + SrflRU precipitant

lCOO

%
$
al
c

1= Run 1.08( 9 W% insoluble &41 W% total solids)
~ = R“” 1.10 (14 W% i“~[”ble & 44 wt$$ t~[ ~lid~)

4 = Run 1.08 (22 wt% insoluble &27 wt% tad solids)

5 = Run1.15(37WI%insoluble&41 W% tetel solids)

0.1 ~
o 100

Figure E2. Shear stress vs. shear rate of Envelope C + Entrained Solids+ Sr/TRU
precipitant

The curves in Fig. E2 indicate that the slurry has similarities to a Bingham plastic (also
see Fig. 14), which is known for having a yield stress that then reduces to a Newtonian
fluid while in movement. However, this is not exactly true and the slurry is actually a
time dependent pseudoplastic (a thixotropic,like ink and some paints) as can be seen in
Fig. E2 by the separation of the lines for the same sample (that is, a different relation
existed when increasing the shear rate, than when it was decreasing).
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EXPLANATION OF HOW THE DATA ARE ORIENTED ON THE GRAPHS
THAT ARE FIGS E3 TOE23

For an example Fig. E3 is reproduced here:

I i
+ Aluminum Concentration +.

Pilot-scale X-Flow, Env. C + ES + Sr/TRU
1.E+02

. 2-!”(,.-.-.,-’ =J
AS.f”!,d..nmt0, +. 44”,,.a..m,,,,m J

,.$d,”,K-.ea., a*.* :
~ 1.E+O1 .
0

. .=”,rd.. nu., ,0 .

0
a7.wt.s..wI

1 I I I I 1 q
m

. ,.f.!,a..w,m
A

,: 1.E+OO

m ●

II 1.
,9.F”,,de.w, -9
- IGFul,d..wan,
.t, -sh,r,.,.a,m

%
=1

, I 1 1 v t t
2

I I

~- 1.E-01 4

, # , I ! k 3
I I

I I I I I I I
]

1.E-02

1234567 691011

Number (see legend)

Figure E3. Analytical Data: Aluminum

The symbols have been listed in chronological order with number 1 being the earliest.
However, not all data are from analytical measurements. The following two numbers,
which are shown as the solid diamonds on the graph, are not analytical measurements,
but are considered benchmarks. Those two symbols indicate the concentration of a
constituent that was intended for the simulant.

Number 1 – low-solids concentration benchmark: is a measurement of the total amount of
moles per liter of.4 il.~minum that were used to make up the simulant (2 wt% insoluble
solids), be it in the form of a soluble or insoluble solids. This is the simulant that was
used for test runs 1.01 to 1.07.

Number 5 – high-solids concentration benchmark: is an estimate of the total amount of
moles per liter of Aluminum that the simulant (2 wt% insoluble solids) had after it was
dewatered to a concentration of approximately 14 wt% insoluble solids. This is the
simulant that was used for test runs 1.09 to 1.14.

There are no data points for both Numbers 1 and 5 for those quantities difficult to
estimate, i.e., Formate, Oxalate, Phosphate, Sulfate, Nitrate/Nitrite, and TIC/TOC.

The remainings ymbols indicate analytical measurements of the slurry or the filtrate:

Number 2 (the closed box): is an analytical measurement of a digested sample of 2 wt% .
insoluble solids slurry. It should be equal than or less than Number 1. The sample was
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actually taken after test run 1.07 was completed and is listed in Table El as sample BNF-
SXF2115-C+ES+Sr/T.RU_10 (column AA). There are no Number 2 data for F, K,
Formate, Oxalate, Phosphate, Sulfate, Nitrate/Nitrite, and TIC/TOC, because they either
were not measured or the results were contaminated in the process of dissolving the.
sample solids.

Numbers 3 and 4 (the closed diamond and circle): are analytical measurements of the
concentration in the filtrate from test runs 1.01 and 1.07 respectively. Both of these
results should be equal to or less than Numbers 1 or 2. When they are not, i.e., K and
Phosphate, measurement uncertainty is a likely cause.

Number 6 (the open square): is the analytical measurement of the concentration in the
. filtrate from test run 1.10. This result should be equal to or less than Number 5. When it

is not, i.e., Cl and K, measurement uncertainty is a likely cause.

Numbers 7 to 10 (the open triangle, circle, crossed X and the dash, respectively): are.
analytical measurements of the concentration in the filtrate from wash runs 1 to 4. Each
successive point should be lower than the preceding point since the washing generally
reduces the concentration. The exception is when tie washing solution dissolves some of
a previously insoluble solid, which may lead to an increase in concentration in the filtrate,
e.g., Oxalate.

Number 11 (the open diamond): is an analytical measurement .of a digested sample of 18
wt% insoluble solids post-washed slurry. This result should be less than Number 5.
When it is not, i.e., Ca, Fe, La, Mn, measurement uncertainty is a likely cause. The
sample was actually taken after the last wash run and before test run 1.15. It is listed in
Table El as samples BNF-SXF2115-C+ES+Sr~U_32digestl (column CB) and BNF-
SXF21 15-C+ES+Sr/TRU_32digest2 (column CC). There are no Number 5 data for F, K,
Formate, Oxalate, Phosphate, Sulfate, Nitrate/Nitrite, and TIC/TOC, because they either
were not measured or the results were contaminated in the process of dissolving the
sample solids. .’ ‘ ; . L . .?.-

---- I
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+ Aluminum Corxentration +

Pilot-scale X-Flow. Erw. C + ES + Sr/lRU
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Figure E3, E4, and E5. Aluminum, Calcium, and Chlorine, respectively
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+ Chromium Concentration+
Pilot-scsle X-Flow, Env. C + ES + Sr~RU
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+ Florine Corwentration +
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Figure E6, E7, and E8. Chromium, Florine, and Iron, respectively
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Figure E9, E1O, and El 1. Lanthanum, Manganese, and Molybdenum, respective y
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+ Nickel Concentration+

Pilot-scsle X-Flow, Env. C + ES + Sr~U
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Figure E12, E13, and E14. Nickel, Phosphorous, and Potassium respectitiely
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+ Silicon Corwentration +
Pilot-scale X-Flow, Env. C + ES + Srm)
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Figure E15, E16, and E17. Silicon, Sodium, and Strontium, respectively
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+ Forrnate Concentration +
Pilot-scale X-Flow, Env. C + ES + Sr/TFiU
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Figure E18, E19, and E20. Forrnate, Oxalate, and Phosphate, respectively
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+ Sulfate Concentration+

Pilot-scale X-Flow, Env. G + ES + Sr/TRU
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Figure E21, E22, and E23. Sulfate, Nitrate& Nitrite, and TIC/TOC, respectively
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Figure E24A. Insoluble Solids VOLUME Distribution: Pre-test Sarnple
(sample contained only insoluble solids in distilled and filtered water)
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Figure E24B. Insoluble Solids NUMBER Distribution: Pre-test Sample
(sample contained only insoluble solids in distilled and filtered water)
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Figure E25A.Insoluble Solids VOLUME Distribution: Run 1.01
(2 wt% insoluble solids slurry experienced about 1 hour of circulation)
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Figure E25B.InsoIuble Solids NUMBER Distribution: Run 1.01
(2 wt% insoluble solids slurry experienced about 1 hour of circulation)
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Figure E26A.Insoluble Solids VOLUME Distribution: Run 1.07
(2 wt% insoluble solids slurry experienced about 27 hours Ofcirculation)
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Figure E26B.Insoluble Solids NUMBER Distribution: Run 1.07
(2 wt% insoluble solids slurry experienced about 27 hours of circulation)
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Fi~e E27A.Insoluble Solids VOLUME Distribution: Run 1.08
(9 wt% insoluble solids slurry experienced about 21 hours of circulation)
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Figure E27B.Insoluble Solids NUMBER Distribution: Run 1.08
(9 wt% insoluble solids slurry experienced about 21 hours of circulation)
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Figure E28A.Insoluble Solids VOLUME Distribution: Run 1.08
(22 wt% insoluble solids slurry experienced about 30 hours of circulation)
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Figure E28B.InsoIuble Solids NUMBER Distribution: Run 1.08
(22 wt% insoluble solids slurry experienced about 30 hours of circulation)
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Figure E29A.Insoluble Solids VOLUME Distribution: Run 1.10
(14 wt% insoluble solids slurry experienced about 34 hours of circulation)
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Figure E29B.InsolubIe Solids NUMBER Distribution: Run 1.10
(14 wt% insoluble solids slurry experienced about 34 hours of circulation)
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Figure E30A.Insoluble Solids VOLUME Distribution: Run 1.15
(18 wt% insoluble solids slurry experienced about 55 hours of circulation)
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Figure E30B.Insoluble Solids NUMBER Distribution: Run 1.15 .
(18 wt% insoluble solids slurry experienced about 55 hours of circulation)
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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
4. 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 because those uncertainties are beyond the scope and control of this task.
There is reason to believe that all analytical data can be at 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 set up
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 y in 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 first Number Column, usually column S) and there are
calculated data columns (all columns to the right of the second Number Column, usually
Column T). The uncertainty of a raw data measurement is the calibrated uncertainty of
the individual instrument to a 95% confidence level, Figs. F3 to F16.

Example to find the measurement uncertainty of a raw data point:
1. Find the data column D in any Appendix A through D.
2. 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.
3. Lookup Thermocouple T2 on Fig. FI in this Appendix to see that the average*

calibrated uncertainty is 1.2°C (95% confidence leveI**). If a closer look on how that
specific systematic 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 first instrument T1
shown in Fig. F3 and the last instrument 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.l°C respectively, see Fig. F1.
The true instrument uncertainty was somewhere between the pre- and post-test
results. For this task each uncertainty 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 tdistribution function used in
determining an instrument uncertainty.]

. .

4. 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 .
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for Q2 and Q3 should only be obtained when the filtrate flowrates reach some
asymptote. (In some cases, like on Runs 1.09-1.14 for a thick slurry 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 number of data points known the
standard error of the mean maybe obtained (i.e. standard error= standard deviation/
square root (number of points)) [Ref. 28].

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. 28). 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 i5a. 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 ~b, 6c, and 8d, respectively. The
uncertainty can be shown as:

(5a)2 = [(Zkd~b)t3b]2+ [(6’a/6’c)5c]2+ [(&d~d)5d]2,

if the error terms are independent m,d symmetrical. The term i5ais 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

&/a = [(5b/b)2 + (6c/c)2 +(M/d)2]%. (1)

Using the above the relation (1) an uncertainty for velocity, transmembrane pressure,
filtrate flux, and permeability are determined. The method of determining the
measurement uncertainty 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 sufilcient. An arbitrary choice (but
having lowest slurry flowrate and”TMP to obtain the largest uncertainty) of a
representative group of results is: Run 1.02 at the 20ti minute [The data for Run 1.02 can
be found in Appendix Bin the first table and the 20ti minute is,row 31.]

The measurement uncertainty for the following values will be shown:

v, ftfs TMP, psi Fc (at 25°C),gpmhlz, P, gprn/ftz/psi
9.1 31.2 0.038* 0.001210

*actual temperature was 25.2°C but was adjusted to 25.0°C as per the customer
specification, Ref. 3, therefore Fc means the corrected filtrate flux.
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The tesults of the measurement uncertainties found below at the 95% confidence
level are:

Slurry Velocity = v & 8.09 ~.

Transmembrane Pressure = TMP &1.10 %
Temperature Corrected Filtrate Flux = Fc ~ 11.69 ~.
Permeability = P & 1~*74 %

F.1 Velocity [ V = Q1 / ACrO~~-~eCtiOn]

This uncertainty is combination of the instrument, Ql, 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., MI.015 inch.

The measurement uncertainty estimate:

Calibrated uncertainty (Figs. F1 and F14): 8Q1 = MI.26 gpm
Slurry flow rate: Q1 = 21.87 gpm [Run 1.02, Row 31, Column P: Appendix B]
Filter tube inside diamete~ ?id = MI.015 inch
Filter tube inside diameter: d = 0.375 inch

V= Q/ A= Ql/(xd2/2)

In the form of Eq. (l): i5V/V = [(5Q1/Qi)2 + 4(&Vd)2 ]% ‘

[Note the multiplier 4. This results from the derivation 8V/~d because of the exponent]

Therefore, [(0.26/21 .87)2 + 4(0.015/0.375)2]% x 100% = A8.09 %

The uncertainty of the example V is: 9.1AI.8ftls

[since 9.1 x 0.0809- 0.74]

F.2 Transmembrane Pressure [ TMP = (dP2 + dP3) / 2 ]

This uncertainty will come from two instruments, dP2 and dP3. Also, there is another
uncertainty due 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
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the filter housing (downstream to the filter). Due to fluid being in the pressure lines
(water) a liquid-filled system will give approximately* the correct 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 the other 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 uncertainty
larger than the largest calibrated uncertainty for the two pressure transducers.
[*The correct pressure drop, for any @, is obtained when the test liquid is the same as the
liquid in the pressure lines. Since the slurry was more dense than the water the readings
are affected accordingly. For instance, the pressure lines to obtained dP3 are lines 3 and
4, Fig. F2, and their heights were 150.38 inches and 141.75 inches, respectively. With
.NO flow in a completely water-filled system, then dP3 = O, (that is, the two water
columns cancel each other) but with a different density fluid in the test rig there is a
differential pressure dP3 = P1i..3-Pti.~=(150.38-141 .75)x(density difference). In the
worst case the slurry density was approximately 1.4 g/cc, therefore the offset could be a
maximum of 8.63 inches x 0.4 = 3.5 inches H20 or 0.13 psid. However, the actual

magnitude of the offest was probably smaller because the differential height, 8.6 inches,
was a combination of slurry and filtrate, which had a lower density. Combining this
complication of obtaining the true contribution to the overall uncertainty, along with the
measurement fluctuations and other factors, then this quantity to the uncertainty was
neglected.]

The measurement uncertainty estimate:

Calibrated uncertainty (Figs. F1 and F12): &lP2 = H.23 psi
Pressure drop: dP2 = 33.16 psid ~un 1.02, Row 31, Column J Appendix B]
Calibrated uncertainty (Figs. F1 and F13): &l.P3= 4.25 psi
Pressure drop: dP3 = 29.26 psid Bun 1.02, Row 31, Colu~ M Appendix B]

M =(dp2+dl?3)/2

In the form of Eq. (l): &INIP/TMP = [@dP2/dP2)2 + (&lP3/dP3)2 ]%

Therefore, [(0.23/33.16)2 + (0.25/29 .26)2]Y2x 100%= A1.1O%

The uncertainty of the example TMP is: 32.1M.4psid

- .- .=- .-.,,. .. .. . ..— -.. -=r-. .--r--, . . . .. . .
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[since 32.1 x 0.0110- 0.35]

F.3 Filtrate FIUX [ F = Q2 / Ainner_~UrfaCe]

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 uncertainty 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 deterniine the inner surface area and the l/8-inch difference
will be used for the length uncertainty.

The measurement uncertainty estimate:

Calibrated uncertainty (Figs. Fl and F15): 6Q2 = H.009 gpm
Filtrate flow rate: Q2 = 0.0.087 gpm [Run 1.02, Row31, Column Q: Appendix B]

Tube inside dkuneter uncertainty: ad= 4.015 inch (from manufacturer)
Tube inside diameten d = 0.375 inch

Tube length uncertainty: 3L = Ml. 125 inch
Tube length: L =40 inches

F =Q/A=Q2/nd L

In the form of Eq. (l): 6F/F = [@Q2/dQ2)2 + (&Yd) 2 + (i5UL) 2]%

Therefore, [(0.009/0.087)2 + (0.015/0.375)2+ (0.125/40)2]% x 100% = A11.1O%.

The uncertainty of the example F is: 0.038 M.004 gpm/ftz

[since 0.038 x 0.1110- 0.0042]

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+ShIrry Temperature))-( 1/298))]
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Only the correction factor’s effect on measurement uncertainty is dealt with here. The
equation is accepted as error free, i.e., method, constants, etc. Only the uncertainty of the
temperature measurement which leads to the correction will be addressed. .

Generally, the adjustment to filtrate flux, 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 0.2°C. That is, for Run 1.02 at the 20ti minute the slurry
temperature was 25. 192°C [Initial test runs were only cooled with water cooling coils
which were not adequate. 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 exactly 25°C, which would
make the correction = 1.0, the uncertainty 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 Tl, which had a calibrated
measurement uncertainty of &l.3°C [see Fig. Fl]. If at 25°C the temperature has an
uncertainty of AI .3°C, then the correction can be either 0.9642 to 1.0374, or
approximately &166% [i.e., ((1+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 graphically. 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, respectively. However, with a measurement uncertainty of &l.3°C this factor can
be in error from approximately 3.9% to 3.3%, respectively, see the FiWre below:

Error In Temperature Correction Due To The

Measurement Uncertainty In The Slurry Temperature

15 20 25 30 35 40

- SlurryTern perature, “C

Therefore, for the sake of this example the relative uncertainty of the correction factor do
to the temperature will be assumed to be 3.7%, since most of the data were obtained at

----
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25°C. Using this constant value isnotabad assumption because between 2O0Cand3O0C
this uncertainty only fluctuates by approximately O.1%.

This increased uncertainty to the filtrate flux is then a combination of two uncertainties
already calculated above for F (section F.3) and the correction factor. The analyses still
follows Eq. (1) therefore:

The measurement uncertainty estimate:

Filtrate flux relative uncertainty: 8F/F=*11.10% [section F.3]

Correction factor relative uncertainty: 5CF/CF = S3.66% [section F.3.1]

Fc = Fcorrected = F x CF

In the form of Eq. (l): i3Fc/Fc = [(6F/F)2 + (8CF/CF)2]%

Therefore, [(1 1.10%)2 + (3.66%)2]% = A1l.69 %

The uncertainty of the example Fc is: 0.038 &l.005 gprrdftz

[since 0.038 x 0.1169- 0.0044]

F.4 Permeability [P= Fc / TMP ]

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

The measurement uncertainty estimate:

Filtrate flux relative uncertainty 5Fc/Fc = M 1.69% [section F.3]
TMP relative uncertainty: 6TMP/TMP = &l. 10% [section F.2]

P =Fc/TMP

In the form of Eq. (l): 8P/P= [(6Fc/Fc)2 + @TMP/TMP)2]%

Therefore, [(1 1.69%)2 + (1.10%)2]% = *11.74 %

The uncertainty of the example P is: 0.001214.00014 gpm/ftz/psi

[since 0.00121 x 0.1174- 0.000154]
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I?.5 Second-Order Effects to Measurement Uncertainty

Therewereother effects on themeasurement uncertainty which are not includedbecause
they are thought to beofsecondorder. Forexample, since thetestrig was verytall,
approximately 30 feet, itwas subjected an ambient temperature gradient. Ambient
temperatures atthebottom of the figwere usually less than atthe top. Forthe example
used in this section, [Run 1.02, Row31, Columns G and H Appendix B], the
temperatures were 23.2°C and 22.3”C, respectively. This gradient varied hourly and
daily for several reasons. Most importantly, the 0.9°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 1.02 the flow rate was, Q1 = 21.9
gpm. The loop volume was approximately 5 gallons so a fluid particle traversed the loop
every 5/21.9 x 60-14 seconds. [Note that the slurry flow rate for Run 1.02 was one of
the slowest.] In this example, the slurry temperature was measured to be 25.2”C, from
one thermocouple located in the suction line of the pumps. While it is certain that the
ambient temperatures had an effeet on the slurry temperature it was small, and at steady
state the effeet is incorporated in the slurry temperature. The same is true for the ambient
temperature gradient but to a lesser extent and therefore not considered.

z--
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INSTRUMENTSUSED ON THE BNFL PILOT-SCALECROSS-FLOW FU_TRATTONTEST

TesI R,g No Instrument M&7E # Make Model

11 7hem0c0uple TRU29X OMEGA T—IW4.W1*
72 Thermocouple TR.02%6 OMEGA 1—IW6.=T.
73 Therm.ac.auple TR.02929 OMEGA lJK-cxss.lal.6slWs1+!
T4 7hemmc0@e TRU2932 OMEGA Twx2s1w4sa0s1.hl
75 Thermocouple TR02327 OMEGA TC$.cxss!m14saOs1 J.i
PI Pces Ttmsduce, T’IW2917 Rosemoun! IIS%CQE2AVX6S9Z4
P2 Pres T,msd.ce, 77W231D3 Rosmlo””l 1151-

‘(PRINTEDM,,,h9. XQ

C2hbratedRange Unceflamty+UnceiIa,nly Unce@nty CuweFII
(pretest) (post.test~ A-etage-

0 to1D3C 12C 14C 13C T(C).0M483.1704Cr218X.V-OZXWX.V-2.0_x.V-)
otOtmc 13C 1lC 1.2C T(c).0m483.,70u?218xmv.on4w xm”-2.rJ-xm”~
oIUlmc 1SC 1.2C 1.3C l(C)-OM.17~8X.V .0mWX.V~.0_X.V9
otoIcoc 12C 14C 13C l(C)-OM.17~8XmV .0~WXmV?.0~X.V?
otOImc 1Oc 14C 12C T(C)-0~3.17W8X mV-0Z4~XmVQ.0_xfiV3

Ot. 103PSIG O13PSIG0.21PS!G O17PSIG PIPSIG)=6211xti-24M5
-IOIO92PSIG003PSIGO-11PSIG O lZpslG . P@lGj=6293 x M/: 3S524

P3 P,es T,amduce, Ti?U2145 - Rosemoud 1<4— 0 to 1!S0PSIG 033 PSIG 041 PSIG 0.40 PSIG P(PS4G)=9422 x InA-37 712
.JP1 P,es Transduce, TRU3495 R.as.ermunl !ISIH?2 o !023Psm 002PSID 0033 PSID O0% PSIO P(T%D) = 1 6249Xti-64932
dP2 I Pres TransducerI TRQ I Rc.semou,-dI I

dP2 (ater ~
Itsl—m 0102?OPSIG I042PSIDI NA 042 PSID Ppwo) = 15646 x MA-624C0

I Pres Transduceri TRJ3K32 I Rosemoun! I15!—IPI I 1
dP3

010 KOPSIG I O 13 PSID I 033 PSID I 023 P?,Io P(PSID)=6314 rrnA-i.S227
Pees Tqmducef . 7JT~l 15. Rosenwml —Il$w’z???!%? -10 loKO PSIG O 19 P51D O_CI~WJO_O_?S_PS!O...

01 Mag Flw.meter TR-223Y2 Fwchef.Po!fer
P@O)=6fi%xm A-37634

fmt47szi6wt2scntac
02 Maq Flmuneter 7R.M353 ‘Fwcher.Pmler

OTO~GPM 019GPM 033GPM 026GPM 0(GPM)=3137x MA.12Ms
1W47~1Ff23WiX4C2 0 to 12 GPM 0025 GPM 0.019 GPM 0012 GPM OIGF%o= o075xmA-o.2s?s

03 Ma; F1-e[er TRU35S2 Fischer.Porier. 1C0i47~lR11

DAS Channel lnsfmment - OX Cahbrion
6 PI Char@ = O4S751m4.5E.15
7 P2 .chw07.oqnlA+oo33
8 P3 CharC6= 0.4%M4 + 0022
9 dpl :~han W = O,j@’3%A + 0033

10 dP2 ChanjO~ 0_4!&4 +0 w
10 dP2fvailda.ter3QEmecahbra!edO“2J2A&31 ChaniO= O49751m4+ 0022
11’.W3’ ,Chanl 1 = 0.4933M4 + 0035
12, 01 .cfy~lz = 0.493%4 +0 037
13 02 Chan13.0.4975M.4+001
14 03 PAdedon 7i14/1993 Cha”14= 0.4$63rn4 + 0033

0105 GPM 002 GPM ,001 GPM 0015 GPM

Notes ‘post.test un@infy~?c&de~, and
IS dependedupon,the pre.lesl
uncerf~m!y.analys~s_.._
-e tfue rn~tgrnerjf~asumment
.nceflai”ty a any data p&~~[k&
during@_e;p~eJmgdjs bdwee.n
lhe pro.andpost.cabbntim
uncertainty.?herefom,tfw mwall
uncerlairny~~~a~ed~s~he ayage
valuebefwen the pre and post
results .—

0tGPMj=0311 xrnA-1.237

Com-acsiyborn-+10 VOtts
PK%XY=124644XV-246?K.,–.
P@~l$.) =j2gs x v - 35.%1
P@SIG)=18932 XV-37.792

P(PSIO)=3Z7XV-6M3
wsm) = 31 4s3 x v- 62.463
P@lD)=12-s1 XV-25231
p~sm)=13.643XV-37923
O(GP_~ = 6 _~> V ~12_&3

o(GPM)=0.1EQ3 XV- O.Z13S
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CiwTEnl cXamm?f6 ChaIMw46 c41anI@ 7 C&m1217 CWnr1248 Chann2f8 CtlaIU@ 9 Cwnd 9 Cwn712110 Channel 10
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Figure F1. Instrumentation Used with their Transfer Functions
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UNCERTAINTY ANALYSIS TR-2925
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

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-O03-98-0226
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: +1- 0.10 c

Multimete~ +/-( 0.0045 % RDG + 0.0005 mV)
= i-l- 0.012 c @ 6.36 mV

Accepted Tolerance # 1.7 c

Statistical Info.
Xbar

a b n T (c)
-0.05 1.00 11.00 2.262 43.12

Calculated Uncertainties:
standard curve-fit fixed
uncertainty uncertainty uncertainty

(c) (c) (c)
0.41 1.13 0.24

PASS CALIBRATION? YES

SEE
(%) (W2)

21815.1 1.809

iotal
uncertainty

(c)
1.2

MSE
(W2)

0.2010

Figure F3. Pre-test Calibration Data of Thermocouple T1

----



Pilot scale X-flow: EnvC+ES+Sr/TRU Page 244 of 256

UNCERTAINTY ANALYSIS TR-2926
REF. WSRC-TR-91-106

Temperature
Medium

BoilingWater
BoilingWater
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

T(C) =0.00483 + 17.040918*mV - 0.224284*mV’2 + 0.005038’mV’3 (eq. 1)
(Lfmited Curve Fit, 0-100 C. “From N.I.S.T. Reference Tables)

BNF-O03-98-0226
Revision O

page of
calibration date

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

Uncertainty of the Standards:

AcceptedTolerance: +f-

Temperature Curve Fiti +/- 0.010 C
Thermometer +/- 0.40 c

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

= +f- 0.012 c @ 6.35 mV

1.7 c
.

Statistical Info.

b
-0:5 1.00 11!00

Calculated Uncertainties:
standard curve-fit
unceminty uncertainty
(c) (c)
0.41 1.26

PASS CALIBRATION?

Xbar
T (c) (:7)

2.262 43.31 21735.2

fixed total
uncertainty uncertainty
(c) (c) .
0.18 1.3

YES

SEE MSE
(@2) (@2)
2.225 0.2472

Figure F4. Pre-test Calibration Data of Thermocouple T2

-- --
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UNCERTAINTY ANALYSIS TR-2929
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

Calibration Data

Voltage
output
(mV)
6.350
6.352
6.349
6.350
-0.026
-0.023
-0.019
-0.021
1.211
1.178
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:

Accepted Tolerance: +1-

Statistical Info.

a b n
-0.73 1.00 11.00

Calculated Uncertainties:
standard curve-fit
uncertainty uncertainty
(c) (c)
0.41 1.18

PASS CALIBRATION?

BNF-O03-98-0226
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

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 @ 6.35 mV

1.7 c

Xbar SEE
T (c) (:;) (CA2)

2.262 42.41 22130.7 2.000

fixed

uncertainty

(c)
0.73

YES

uncertainty

(c)
1.5

MSE
(C?2)

0.2222

Figure F5. Pre-test Calibration Data of Thermocouple T3

— -.
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Revision O

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

Temperature
Medium -

BoilingWater
BoilingWater
BoilingWater
BoilingWater
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

output
(mV)
6.350
6.360
6.365
6.348
-0.015
-0.009
-0.003
-0.009
1.416
1.442
1.501
1.475

Calculated
Temperature

(eq. 1)
(c)

100.46
100.61
100.68
100.43
-0.25
-0.15
-0.05
-0.15
23.70
24.13
25.09
24.67

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

T (C) =0.00483+ 17.040918*mV - 0.224284*mVA2 + 0;O05038*mVW (eq. 1)

(Lfmited Curve Fit, 0-100 C. From N.I.S.T. Reference Tables)

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

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

= +1- 0.012 c @ 6.37 mV

Accepted Tolerance +/- 1.7 c

. Statistical Info.

.4, . Xbar SEE
b T (c) (:%) (rY2)

0:9 1.00 11!00 2.262 43.12 21815.1 1.724

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

total

uncertainty

(c)
1.2

PASS CALIBRATION? YES

Figure F6. Pre-test Calibration Data of Thermocouple T4

MSE
(@2)

0.1916

----
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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

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’mVA3 (eq. 1)

(Limited Curve Fit, 0-100 C. From N. I.S.T. Reference Tables)

Uncertainty of the Standards:

Accepted Tolerance: +1-

Statistical Info.

a b n
0.12 1.00 11.00

Calculated Uncertainties:
standard curve-fit

uncertainty uncertainty

(c) (c)
0.41 1.00

PASS CALIBRATION?

BNF-O03-98-0226
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 +/- 0.40 c

Ice Bath: +/- 0.10 c
Multimete~ +/-( 0.0045 % RDG + 0.0005 mV)

= +/- 0.012 c @ 6.35 mV

1.70 c

Xbar SEE
T (c) (:2) (cAZ)

2.262 43.31 21735.2 1.413

fixed total

uncertainty uncertainty

(c) (c)
0.18 1.10

YES

MSE
(CA2)

0.1570

Figure F7. Pre-test Calibration Data of Thermocouple T5
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UNCERTAINTY ANALYSIS
REF. WSRGTR-91-106, REV. O

Calibration Data
Nommal
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

(psig)

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

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

Multimetec +/-(
Dead Weight Testen +/-

Statistical Infm
a b

4.0083 0.1610 24”00

Calculated Uncertainties:

standard curve-fit
psig psig
0.11 0.07

Accepted Tolerance +1-

PASS CALIBRATION?

T
2.07

2

YES
TRANSFER EQUATION PS[G =

TR-2917

cuNe
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

0.04 ‘/o RDG +
0.1 psig

Xbar Sxx
psig psig2

50.08 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

Revision O

page of
cal. date

fixed Total Uncertainty
psig psig
0.00 0.13

psig
. .

6.211 *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
0.0000

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

----
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Pilot scale X-flow: EnvC+Es+Sr/TRU Page 249 of 256

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

Calibration Data

Nominal

Pressure Correction

(psid) (psid)

-11.00 0.71
0.00 0
11.00 -0.71
31.00 -0.71
51.00 -0.71
71.00 -0.71
91.00 -0.71
-11.00 0.71
0.00 0
11.00 -0.71
31.00 -0.71
51.00 -0.71
71.00 -0.71
91.00 -0.71
-11.00 0.71
0.00 0
11.00 -0.71
31.00 -0.71
51.00 -0.71
71.00 -0.71
91.00 -0.71
-11.00 0.71
0.00 0
11.00 -0.71
31.00 -0.71
51.00 -0.71
71.00 -0.71
91.00 -0.71

Standard Uncertainties:

Statistical Info:
b

5.&4 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

Gage
Reading
(mADC)

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

Multimetec +/-(
Dead Weight Testec +1-

-i-
28”00 2.12

curve-fit
psid
0.08

2

PASS CALIBRATION? YES
TRANSFER EQUATION: PSIG =

TR-3109

0.04
0.01

Xbar
psid

34.45

fixed
psid
0.00

psid

6.293

Curve
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

Yo RDG +

psid

Sxx
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
-0.006
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
-0.016

0.0001

SEE
mAD(Y
0.0008

Total Uncertainty
psid
0.09

*mA “ -35.524

BNF-O03-98-0226
Revision O

page_of_
cal. date:

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

mAD~

0.0000

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

Nominal
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

Applied

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

Standard Uncertainties

Statistical Infrx

a b

3.9939 0.1059

Calculated Uncertainties:

standard

psig

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

Multimetec +/-(
Dead Weight Testec +/-

n T
24.00 2.07

Cuwe-fit

psig

0.35

3

PASS CALIBRATION? YES
TRANSFER EQUATION 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 .

Sxx

psig2 -

63603.33

*mA

BNF-O03-98-0226
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 0.00037 “

Total Uncertainty

paig

0.38

.,

-37.712

Figure F1O. Pre-test Calibration Data of Gauge Pressure Transducer P3
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Pilot scale X-flow: EnvC+ES+Sr/TRU Page 251 of 256

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
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

Standard Uncertainties

Statistical Info:
b

3.9:59 0.6154

Calculated Uncertainties:
standard

psid
0.017

Accepted Tolerance: +/-

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
13.84
16.92
20.00

Multimete~ +/-(
Dead Weight Tester +1-

T
28”00 2.06

curve-fit
psid

0.011

0.500 psid

TR-3495

Cuwe

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
13.84
16.92
20.00
4.00
4.61
7.69
10.77
13.84
16.92
20.00

0.04
0.01

Xbar
psid

11.57

fixed
psid

0.000

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

% RDG -F
psid

Sxx
psid<

2374.86

*mA

BNF-O03-98-0226
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
mADtY mAD&
0.0003 0.0000

Total Uncertainty
psid

0.020

-6.4930

Figure F1 1..Pre-test Calibration Data of Differential Pressure Transducer dpl
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UNCERTAINTY ANALYSIS
REF. WSRC-TR-91-106, REV. O

Calibration Data

Nommal

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

Appllea

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

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

Standard Uncertainties: MuItimetec +/-(
“ Dead Weight Testec +/-

Statistical Info

b n T
-~.9;56 0,1584 24.00 2.07

Calculated Uncertainties:
standard curve-fit

psid psid
0.11 0.07

Accepted Tolerance +/- 2

PASS CALIBRATION? YES
TRANSFER EQUATION: . PSID =

TR-532

Cuwe
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

0.04

0.1

Xbar

psid

50.83

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

% RDG +

psig

Sxx
psic?

28403.33

BNF-O03-98-0226
Revision O

page_of_
cal. date

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 mADC)

SEE MSE
mAD& mAD&
0.0006 . 0.0000 t -z

Total Uncertainty
psid
0.13

*mA . z-25.227

Figure F12. Pre-test Calibration Data of Differential Pressure Transducer dP2
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UNCERTAINTY ANALYSIS
REF. WSRC-TR-91-106, REV. O

Calibration Data

Nominal
Pressure

(psid)
-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

Correction

(~:)

“o
-0.71
-0.71
-0.71
-0.71
-0.71
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

Standard Uncertainties

Statistical Info:
13

5.;75 0.1450

Calculated Uncertainties:
standard

psid
0.11

Aczepted Tolerance: +/-

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

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
5.48
8.43
11.34
14.24
17.13
20.01

Multimetec +/-(
Dead Weight Testec +1-

T
28:00 2.12

curve-fit

psid
0.16

2 psid

TR-311 5

0.04
0.1

Xbar
psid

41.59

fixed
psid
0.00

PASS CALIBRATION? YES
TRANSFER EQUATION: PSID = 6.898

Curve
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
8.43
11.33
14.23
17.13
20.03
4.00
5.49
8.43
11.33
14.23
17.13
20.03

% RDG +
psid

Sxx
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
4.001
-0.012
-0.013
-0.003
0.016
0.006
0.007
-0.001
-0.012
-0.013
-0.003
0.016

0.0001

SEE
mAD&
0.0026

BNF-O03-98-0226
Revision O

Total Uncertainty
psid
0.19

-37.854

page_of_
cal. date

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
4.02
0.11
0.04
0.05
-0.01
-0.08
-0.09
-0.02
0.11

mADC)

MSE
mADCz
0.0001 . -

Figure F13. Pre-test Calibration Data of Differential Pressure Transducer dP3
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Revision O

UNCERTAINTY ANALYSIS
REF. WSRC-TR-91-106

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

Calibration Data
Water Water Time
Temp Weight Duration
(c) ([bs) (rein)
21.40 0 0.50
21.40 1228 15.00
21.80 1682 10.01
22.00 1246 5.00
22.00 1679 5.01
21.50 2078 5.00
21.40 2079 5.00
21.00 1664 5.00
20.90 1254 5.00
20.80 1652 10.00
20.70 1257 15.01
20.70 0 0.50
20.80 1264 15.00
21.30 1669 10.01
21.90 1258 5.00
21.70 1663 5.00
20.90 2070 5.00
20.90 0 0.50

TR-20350

Mass

Flow

(lbs/min)
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

Density U= 62.441-1 .!374E-3T -271 .818 E-6TA2 + 194.093E-97A3
7.4805 gallons = 1 ftA3
Uncertainty of the Standards: Weighti+l- 7.0

Temperature +/- 0.40
QensityW~- 0.06
Time: +/- ( 0.20

AcceptedTolerant= +1- 0.50 GPM

Statistical Info. Xbar
b T (GPM)

3.;88 0.319 18:00 2.120 25.00

standard
Calculated Uncertainties: uncertainty

(GPM)
0.17

PASS CAUBRATION? YES
TRANSFER EQUATION GPM = 3.137 mA

Ibs
c.
lbnWiN3

sac +

(G~%2)
5231.96

Cuwe-fit

uncertainty
(GPM)
0.09

-12509

page of
calibration date

Calculated Data
Water Volume Volume Curve Fit
Density Flow F[ow Ouput
(lb/ftA3) (ftA3/min) (GPM) (mA)
62.29 0.00 0.00 3.99
62.28 1.31 9.83 7.12
62.28 2.70 20.19 10.42
62.28 4.00 29.91 13.52
62.29 5.38 40.27 16.83
62.29 6.67 49.90 19.90
62.29 6.67 49.90 19.90
62.30 5.34 39.94 16.72
62.30 4.02 30.09 13.58
62.30 2.65 19.83 10.31
62.30 1.34 10.06 7.19
62.30 0.00 0.00 3.99
62.29 1.35 10.12 7.21
62.29 2.68 20.03 10.37
62.28 4.04 30.21 13.62
62.29 5.34 39.95 16.72
62.30 6.64 49.70 19.83
62.30 0.00 0.00 3.99

500.00 Dsec/see)

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

Calibration Data

Meter Water Water Time Mass
Output Temp Weight Duration Flow
(mA) (c) (Ibs) (rein) (Ibslmin)
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 19.50 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 7.58
12.28 22.80 25.95 5.00 5.19

. 8.09 22.90 12.83 5.00 2.56
4.00 22.90 0.00 0.00 0.00
4.00 22.90 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

Density G=62.441-1.374E-YT -271.818 E-6”TA2+ 194.093 E-9’TA3
/.4uu3gauons= I n-s

Uncertainty of the Standards: Weigh~+/-
Temperature +/-

Dens”~ +/-
. Time +1- (

Accepted Tolerance +/- 0.01 GPM

Statistical Info. Xbar
a b n T (GPM)

3.987 13.366 15.00 2.160 0.61

standard
Cafculatad Uncertainties: uncatainty

(GPM)
0.003

PASS CAUBRATfON? YES
TRANSFER EQUAlTON: GPM . 0.075

0.1 Ibs
0.40 c
0.06 lbdftA3

0.20 sec +

Sxx
(GPMA2)

2.72

cuNe-fit

uncertainty

(GPM)
0.005

mA -0.298

BNF-O03-98-0226
Revision O

page _ of _
calibration date

Calculated Data

Water
Density
(Ib/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

Volume Volume
Flow Flow
(ftA3/min) (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 t3sec/see)

.

SEE
(mAA2)
0.0087

fixed
uncertainty

(GPM)

0.000

Cuwe Ffi
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
uncertainty

(GPM)
0.005

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
-0.002
-0.003
-0.002
0.000
0.003
0.003
0.001
-0.001
-0.001
-0.001
0.003
0.002
-0.001

Figure F15. Pre-test Calibration Data of Magnetic Flowmeter Q2
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UNCERTAINTYANALYSIS TR-3562
REF.WSRO-TR-91-1O6

Calibration Data
“

Meler Waler Water Time Mass

Output Temp Wel~ht Duration Flow
(mA) (c) (Ibs) (rein) (Ibdmin)

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 25.90 0.00 0.00 0.00

8,01 25,90 52.35 5.00 10.47

12.00 25.80 103.82 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 53.46 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.~ 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

Denslt~ c= 62.441-1 .374E-3=T -271 .818 E-BW2 + 194.093E-9*TA3

7.480~g;lons = 1 ftA3

Uncertainty of the Standards Weighti+l- 0.1
Temperature: +/- 0.40

Density +/- 0.06
Time: +/- ( 0.20

AcceptedToleranca+/- 0.05 GPM

Statistical Info. Xbar
b T (GPM)

3.;82 3,208 15?00 2.160 250

standard
CalculatedUncertainties uncertainty

(GPM)
O.(K)7

PASS CAUBRATfON? YES
TRANSFER EQUATION: GPM = 0.3113 mA

Ibs
c
lbrnfftA3

sec +

(G~~2)
46.80

Curve-ft
uncertainty

(GPM)
0.02

-1.2370

BNF-O03-98-0226
Revision O

page _ of _
calibration date

Calculated Data

Water Volume Volume Curve Fit
vensny t-low I-1ow
(lb/ftA3) (ft%lmh) (GPM)
62.25 0.00
62.23 0.17
62.24 0.33
62.23 0.50
62.23 0.67
62.23 0.00
62.23 0.17
62.23 0.33
62.23 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 OsecJsec)

SEE
(mAA2)
0.0056

f*
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
251
3.74
5.03
0.00
1.25
249
3.74
4.98

Uupln
(mA)
3.98
7.98
11.95
16.07
19.98
3.98
8.02
11.99
15.96
20.01
3.98
8.11
12.03
15.98
20.11
3.98
7.98
11.97
15.98
19.95

MSE
(mAAz)

0.0004

total

(GPM)
0.02

Error
(mA)
0.01

-0.01
-0.01
O.oa
O.oi)
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

.

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